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For a number of years it has been clear that nicotinic acid is synthesized 
by at least some mammals. The amount of this vitamin retained in the 
body of a rat plus that excreted may far exceed the dietary intake.'~* Ona 
diet containing adequate protein the dog appears not to need exogenous 
nicotinic acid.*’ Recently it has been shown that nicotinic acid synthesis in 
the rat,* °-? man,®* ® the horse!’ and the cotton rat! is increased when the 
diet is high in tryptophane. 

It has likewise been shown by Woolley"! and by Kodicek, Carpenter and 
Harris’ that nicotinic acid and tryptophane are interchangeable in coun- 
teracting the pellagragenic effects of 3-acetyl pyridine, indole-3-acetic acid, 
and a factor present in corn that may be related to one of these. 

As pointed out by Rosen, Huff and Perlzweig’ these facts suggest that 
tryptophane may serve as natural precursor of nicotinic acid. Other inter- 
pretations are possible, however.'* 

Evidence in support of the hypothesis that tryptophane is a precursor of 
nicotinic acid and that kynurenine is an intermediate in the conversion 
comes from a study of a mutant strain of Neurospora crassa. This mutant 
strain, designated 65001, descended from a conidium irradiated with 9400 
ergs of ultraviolet per square millimeter. The manner of treatment and of 
isolating and detecting mutant stains has been described elsewhere. '* 

Mutant strains of Neurospora requiring exogenous tryptophane for 
growth are known. Other strains have been studied that will not grow 
unless nicotinic acid or a related compound is supplied in the medium.'® 
In certain of these strains the requirements are specific. Tryptophaneless 
strain 10575 will not respond to nicotinic acid, and nicotinic acid-requiring 
strains 3416 and 4540 will not grow on tryptophane. Strain 65001, on the 
other hand, grows if supplied with e*ther tryptophane or nico, ‘nic acid. 
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In outcrosses to wild-type strains, mutant 65001 behaves as though it dif- 
fered from normal by a single gene. Asci from the cross carry four asco- 
spores that give rise to Cultures that grow in the absence of both trypto- 
phane and nicotinic acid and four spores that give cultures which, like the 
mutant parent, require either but not both of these growth factors. The 
gene in which 65001 and wild type differ is not sex linked. Its genetic rela- 
tion to genes carried in mutant form by previously reported tryptophane- 
less and nicotinicless strains has not yet been completely established. 

The behavior of strain 65001 suggested to us that it, like the rat, might be 
able to make nicotinic acid from tryptophane. Kynurenine, known as a 
product of tryptophane metabolism in mammals,'”* insects’ ” and bac- 
teria,”’ suggested itself as a possible intermediate in this process. Tests of 
/-kynurefiine, isolated from the urine of rabbits and kindly made available 
to us by Professor S. Lepkovsky of the University of California, showed it to 
be active in promoting growth of mutant 65001. As determined by three- 
day growth in 125-ml. flask cultures,'® approximately 1.6 micromoles of /- 
kynurenine gives half-maximum growth. The corresponding values for 
nicotinamide and /-tryptophane are 1.4 and 9.8 micromoles, respectively. 

Following the method of Butenandt, ef a/.*! * dl-kynurenine was synthe- 
sized. It proved to have half the activity of the natural material showing 
that the d-isomer is not utilized as a growth factor by 65001. 

Like the mammal, strain 65001 produces an excess of nicotinic acid (or 
amide) when grown in the presence of an excess of tryptophane but not 
when grown on an amount just sufficient for growth. Thus four 500-ml. 
- flask cultures of 65001, made up with 100 ml. of culture medium each, two 
containing 2 mg. di-tryptophane per 100 ml. medium and two containing 
four times as much, were grown for seven days and the culture medium 
tested for nicotinic acid. The lesser amount of tryptophane was adequate 
for growth of strain 65001. Following replenishment of sugar and biotin, 
the culture media were tested for ability to support growth of mutant 3416, 
a strain which appears to be specific for nicotinic acid or nicotinamide.'® 
The media initially high in tryptophane gave good growth while those ini- 
tially low in tryptophane gave very little. While it is conceivable that the 
compound accumulated is not nicotinic acid or nicotinamide but a com- 
pound of unknown nature with similar biological activity, this seems un- 
likely. 

An experiment made in a similar manner shows that when 65001 is sup- 
plied d/-kynurenine in an amount just sufficient for maximum growth (500 
micrograms per 20-ml. medium), no nicotinic acid is given off in the culture 
medium in 12 days. But when the kynurenine is increased fourfold, nico- 
tinic acid accumulates in the culture medium in an amount sufficient for 


maximum growth of strain 3416—at least 0.5 microgram per milliliter of 
culture medium. 
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These experiments lend strong support to the view that Neurospora con- 
verts tryptophane to nicotinic acid by way of kynurenine. 

Since kynurenine is active as a growth factor for strain 39401 which was 
used as an assay strain by Bonner and Beadle" in the isolation of two nico- 
tinic acid precursors accumulated by strain 4540, the question arises as to 
the relation of kynurenine to these precursors. Elementary analyses of the 
strain 4540 precursors reported by Bonner and Beadle show that they can- 
not be kynurenine, a conclusion consistent with independent evidence indi- 
cating that they both contain a pyridine ring.!© A reéxamination of the 
properties of mutant 39401 shows that it, like mutant 65001, grows when 
supplied tryptophane. These two strains may be alike genetically; at- 
tempts to cross them have so far been unsuccessful. 
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Proposed scheme of synthesis of tryptophane and nicotinic acid in Neurospora. 


On the basis of the evidence so far available, we suggest that the synthe- 
' sis of tryptophane and nicotinic acid in Neurospora takes place according to 
the scheme shown in figure 1. It is clear that this scheme is incomplete. 
The part played in it by the gene in which strain 65001 differs from wild 
type is not yet entirely clear but we suspect that it is concerned with one of 
the steps between anthranilic acid and indole. In addition the evidence 
strongly suggests that one of the functions of nicotinic acid is to act cata- 
lytically in the synthesis of tryptophane. 

Summary.—On the basis of the growth responses of Neurospora mutant 
strains to tryptophane, nicotinic acid and kynurenine, it is postulated that 
nicotinic acid is normally formed from tryptophane with kynurenine as an 
intermediate. If this conclusion is correct, kynurenine has a biological sig- 
nificance not heretofore suspected. Whether kynurenine serves as an in- 
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termediate between tryptophane and nicotinic acid in the mammal remains 
to be determined. 


* Work supported by grants from the Rockefeller Foundation, the Williams Waterman 
Fund for the Combat of Dietary Diseases and The Nutrition Foundation, Inc. The 
authors are indebted to Miss Susanne McLean for assistance in carrying out experiments. 
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ON THE EVOLUTION OF THE GENUS NICOTIANA* 
By T. H. GoopsPEED 
DEPARTMENT OF BOTANY, UNIVERSITY OF CALIFORNIA 


Communicated May 7, 1947 


Taxonomic Status.—The relatively advanced family Solanaceae is allied 
to such families as the Labiatae, Hydrophyllaceae, Boraginaceae and Pole- 
montaceae but most closely related to the Nolanaceae and Scrophulariaceae. 
The approximately seventy-five genera have been organized in five to nine 
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tribes or subtribes. Don, Endlicher, Miers and Dunal placed Nicotiana in 
the tribe Nicotianae, Bentham and Hooker and von Wettstein, in the 
Cestr(in)eae. 

In taxonomic organizations of the Solanaceae the genera most frequently 
associated with Nicotiana are Petunia, Cestrum, Sessia, Vestia, Metternichea, 
Retzia, Fabiana and Nierembergia. From my point of view the morpho- 
logical evidence more intimately relates the following genera to Nicotiana: 
Petunia, Cestrum, Vestia and Fabiana. 

A recent taxonomic reorganization of the genus (Goodspeed!) adopts the 
treatment of Don and recognizes three subgenera and eleven sections with a 
total of fifty-eight species involved. In subgenus Rustica there are sec- 
tions Paniculatae (seven species), Thyrsiflorae (one species) and Rusticae 
(one species); in subgenus Tabacum, sections Tomentosae (five species) 
and Genuinae (one species); in subgenus Petunioides, sections Undulatae 
(three species), Trigonophyllae (two species), Alatae (nine species), Noctt- 
florae (four species), Acuminatae (ten species) and Swuaveolentes (fifteen 
species). 

The significance with regard to evolutionary mechanisms in Nicotiana 
of certain of the inter- and intrageneric relationships defined in the taxo- 
nomic status of the genus briefly summarized above will appear in what 
follows. 

Morphology.—Nicotiana is a conservative genus in the sense that it 
does not exhibit characteristic morphological specialization of particular 
floral or vegetative organs. On the other hand, no other genus of the 
family, save possibly Solanum, shows a greater range of variation in habit, 
inflorescence and flower than does Nicotiana, and the degree of physio- 
logical specialization attained by many of its species indicates the extent 
to which they have evolved. 

Between the extremes represented, on the one hand, by desert ephemerals 
a few inches high and, on the other, by shrubby to subarborescent xero- 
phytic or subtropical perennials to twenty-five feet in height are robust 
annuals some of which become limited perennials in favorable environ- 
ments, and also root perennials spontaneously propagating from under- 
ground parts regardless of the fate of aerial ones. Inflorescence types in- 
clude a thyrse panicle and a flat spray, between which complex extremes lie 
such intermediates and specializations as mono-, di- and pleiochasial cymes, 
solitary flowers and inconstant, diffuse paniculate-cymiose mixtures. 

Variability of the flower is chiefly expressed in the form and color of the 
corolla, stamen insertion and aestivation. In some species the flower is 
vespertine. The corolla is essentially salverform to trumpetform or tu- 
bular, the limb entire to rather deeply lobed. Red, green and yellow in 
various intensities and combinations occur. Pure white is found in only one 
species while a corolla predominantly white with a green to purplish flush 
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exteriorly iscommon. The stamens may be included or exserted, equal or 
unequal, long or short and inserted at any point from near the base of the 
corolla to immediately below the limb. 

Consideration of major and minor details of habit, inflorescence and 
flower of Nicotiana species reveals correlations suggesting five definite but 
interrelated morphological nuclei or clusters of species. The rusticoid and 
tomentosoid nuclei can be related by shrubby habit, thyrse inflorescence, 
non-vespertine corolla with tendency for the limb to pass slowly through 
an upright, horizontal and recurved condition, and low insertion of stamens. 
The other three—the alatoid, noctifloroid and corymbosoid—also show 
interrelation. They are herbaceous nuclei; the inflorescence is variable 
but not a thyrse; the flower is usually whitish, vespertine and salverform; 
the limb seldom passes through a series of orientations; stamen insertion 
is higher, sometimes apical. 

The rusticoid nucleus (subgenus Rustica in general, and a group of its 
member species in particular) shows greatest regularity in leaf form, size 
and distribution; evenness in distribution of branches; an inflorescence 
derivable from a leafy shoot and capable of producing other known inflo- 
rescence types in the genus by reduction; pronounced regularity of all four 
whorls of the flower; relatively little adnation of filaments; a conservative 
condition of corolla throat, stamens, pistil and hypogynous disc. On 
morphological grounds it is, therefore, taken to represent that portion of 
the genus in which the most primitive characters have been preserved. 
By contrast with various species of the tomentosoid and corymbosoid nuclei, 
the more strictly rusticoid members of subgenus Rustica exhibit relatively 
little polymorphy; the same is true of most members of the alatoid nucleus 
(including species of section A/atae) and less true of the noctifloroid (includ- 
ing species of section Noctiflorae). 

The morphological evidence points to the rédle of hybridization in the 
origin of the five modern nuclei. Thus, one may assume that on a primi- 
tive ancestral level a series of progenitors of genera including pre Nicotiana, 
prePetunia, preCestrum and the ultimate ancestors of other genera now 
related to Nicotiana began to vary each about a distinct morphological 
mean—differentiation referable to genic and structural alterations accom- 
panied by combination and recombination, selection and genetic and geo- 
graphic isolation. Two ancestral complexes, the glaucoid and the petunt- 
oid, appeared as a result of hybridization of preNicotiana with, in the first 
case, preCestrum and, in the second, prePetunia, followed by differentiation 
within two diverging modes of morphological variation thus established. 
Most of the members of the modern rusticoid and tomentosoid nuclei arose 
from the glaucoid complex, while, to the same degree, the alatoid, noctt- 

floroid and corymbosoid nuclei were derived from the petunioid complex. 
To this point and to this extent a dendroid diagram of the evolution of 
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Nicotiana might be constructed. However, certain species and species 
groups within and without the five nuclei cut sharply across such a dia- 
gram and transform it into a reticulum. Thus, there are modern species 
which owe their origin to hybridization between derivatives of the glaucoid 
and petunioid complexes, and others, to hybridization between components 
of those ancestral complexes themselves. 

Distribution —Today the distribution of the genus is essentially tri- 
partite: South America, North America, Australia and the South Pacific. 
In South America Nicotiana occurs in approximately the entire ‘‘tail’’ of 
the continent, and also in southern and western Peru, the drier southwest 
of Ecuador, parts of Bolivia and the southern portion of western Brazil, 
but is absent from the drainage systems of the Amazon and Oronoco and 
from the northern countries of the continental “‘shoulder.’’ Jn North 
America it is found native in central and northern Mexico and in the 
western United States. Scattered stations are known in Guatemala and 
the West Indies. In Australia it has been collected in all but the tropical 
north and northwest. In the South Pacific it extends in isolated loealities 
from New Caledonia to the mid-Pacific Marquesas. This distributional 
picture is a product of the fact that, in general, modern species of Nicotiana 
demand light, a well-drained soil and dry rather than humid heat. Only 
a few species have set aside one or another of these requirements and occur 
on the margin of the moist tropics. 

Presumably in South America existed the original reservoir from which 
the present-day assemblage of Nicotiana species arose. Certainly there is 
striking numerical preponderance of South American species and the ex- 
tent of their differentiation into morphologically and cytogenetically dis- 
tinct subdivisions has no parallel in the other two distributional areas. 
More specifically the center of distribution is taken to be the region now 
represented by the general area of junction of Peru, Bolivia, Argentina and 
Chile which corresponds to the current distribution of the rusticoid nucleus 
shown above to represent, on morphological grounds, the most primitive of 
the five clusters of modern species. 

The tripartite, geographically discontinuous distribution of the genus 
is explicable on the assumption that ecologically suitable paths for migra- 
tion connected South America with each of the other two continents in 
which species of Nicotiana are today native. The obvious suggestion that 
such a pathway to Australia included Antarctica and Tasmania is sup- 
ported by the tracing of an extension of the Andean system into the Ant- 
arctic continent, the indication that a temperate flora existed there at a 
relatively recent time and that migration from Antarctica to Australia via 
Tasmania occurred. The problem of a route permitting passage from 
South to North America involves the semixerophytic nature of most mod- 
ern Nicotiana species and the tropical zone which now separates the two 
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continents. There may have been a Caribbean path followed by certain 
progenitors more tolerant than current species of semitropical environ- 
ments. Along it they could have passed from the northern “‘shoulder’’ of 
South America through the are of the West Indies to Mexico, a route to 
which the distribution of other plants points more clearly. On the other 
hand, if the considerable decrease in temperature postulated for Central 
America during the glacial epoch induced a somewhat dry subtropical cli- 
mate, migration might largely have followed the path of today’s land con- 
nection between the two Americas. From central California to Mexico and 
from Chile to southern Peru a previously greater westerly extension of land 
has been postulated. Had a similar extension once existed between 
Mexico and Ecuador another pathway between central western South 
America and southwestern North America might have become continuous. 
In these various connections it is to be noted that both the western United 
States and Australia have undergone considerable desiccation since the 
presumptive advent of Nicotiana. In the former case this has encouraged 
the northerly spread of the genus; in the latter it has stranded, segregated 
and specialized forms already present. The South Pacific localities are 
considered (Wheeler®) to represent eastern migration from the Australian 
coast probably involving in the extreme instance—the Marquesas—intro- 
duction by man. 

The distributional evidence indicates that the genus Nicotiana has main- 
tained itself from at-least a period prior to the formation of an effective 
Andean barrier, was present in Antarctica when that continent supported 
a temperate, herbaceous angiosperm flora, and passed from South to North 
America. It has survived land mass alterations of great magnitude which 
played a réle in transforming a restricted, continuous area of distribution 
into a large, tricontinental and discontinuous one, and were responsible for 
forcing colonization of new areas and adaptation to new environments upon 
individual species, as well as for the extinction of others. 


Chromosome Number.—In the Solanaceae haploid numbers from 7 to 36 
have been reported; in the Scrophulariaceae the range is from 6 to 30. In 
the Solanaceae over fifty-five per cent of the species investigated show 12 
pairs while a multiple of 12 pairs occurs in an additional twenty per cent. 
In the Nolanaceae all the five species counted have 12 pairs and in the 
Scrophulariaceae species with 12 as well as species with 6 pairs occur. 


Of the fifty-eight species of Nicotiana the chromosome numbers of fifty- 
five are known. Twenty-eight species show 12 pairs; eleven, 24; four, 16; 
three, 9; two, 10; two, 19; two, 20; in one species each the haploid num- 
bers are 18, 21 and 22. In related genera the known haploid numbers are: 
7 (Petunia), 8 (Cestrum, Vestia), 9 (Petunia, Fabiana, Nierembergia), 22 
(Salpiglossis). 
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Subgenus Rustica and subgenus Tabacum contain only species with 12 or 
24 pairs. In the third subgenus (Petuntoides) four of the six sections con- 
tain species showing 24 pairs and all but one section species showing 12 
pairs. Two aneuploid series occur, each in a separate section of sub- 
genus Petunioides: 9 to 12 pairs in section Alatae and 16 to 24 pairs in sec- 
tion Suaveolentes. 

The réle of hybridization in Nicotiana phylesis suggested by the morpho- 
logical evidence offers a partial explanation of the origin and evolution of 
the present-day chromosome number situation just summarized. The 
primitive ancestral reservoir above referred to which included at least pre- 
Nicotiana, preCestrum and prePetunia, and which via hybridization on the 
pregeneric level gave rise to the basic Nicotiana complexes, the glaucoid 
and the petunioid, is assumed to have been 6-paired. From the two 6- 
paired complexes a 12-paired Nicotiana level arose by interspecific hy- 
bridization followed by chromosome doubling and, to a lesser extent, by 
autoploidy. During the establishment of the 12-paired level a residue of 
6-paired species, now extinct, was also in existence. Finally, from the 12- 
paired level, an almost exclusively alloploid 24-paired level was déveloped, 
thus contributing largely to the transformation of a basically dendroid into 
a reticulate diagram of evolution of Nicotiana: 

Two aneuploid sequences arose, one between the 6- and 12-paired levels, 
the other below the 24-paired level. The former is today represented only 
by 9- and 10-paired species, all of them in section Alatae, although earlier 
existence of 8-paired species may be reflected, as will be indicated below, in 
the occurrence of the other (16- to 24-paired) aneuploid series. In this 
connection it is to be recalled that 7-, 8-, 9- and 22- (x = 11) paired species 
are found in modern genera related to Nicotiana. 

The postulated lower numbers in the 6- to 12-paired aneuploid sequence 
presumably had a sesquidiploid origin. The higher numbers were doubt- 
less derived by reduction from the 12-paired condition, perhaps in part in- 
volving reciprocal translocation (cf. Babcock*). There are a number of 
explanations of the origin of the 16- to 24-paired aneuploid series, all species 
of which are members of the section Suaveolentes. In my opinion two or 
more 24-paired ancestors of section Suaveolentes arose, as did the nine mod- 
ern 24-paired species, by amphiploidy on the early 12-paired level. 
During a corresponding period, the same or related 12-paired species, 
crossing with certain of the not yet extinct 6-pairé@d species, produced by 
chromosome doubling the 18-paired condition which by reduction initiated 
the 16-paired group of species. Such establishment of the 16-, 18- and 
24-paired progenitors of section Suaveolentes was followed by the produc- 
tion of 19-, 20-, 21- and 22-paired species as a result of hybridization, sesqui- 
diploidy, addition through fragmentation or reduction by loss or fusion. 
Other suggested explanations (Kostoff*) involve now extinct 8-, 9- and 10- 
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paired: species in the amphiploid production of 16-, 18- and 20-paired 
species or take 16- and 20-paired species to be secondary derivatives from 
an 18-paired one so derived. Yet another (Wheeler®) assumes the former 
existence of a series of 8-paired species which by successive amphiploidy 
gave rise to the 16- and then the 24-paired condition, with subsequent hy- 
bridization between the products resulting in the 18- to 22-paired sequence. 
In any case, it appears that this modern aneuploid sequence represents a 
series of secondary derivatives with amphiploidy the fundamental mecha- 
nism responsible for their origin. , 

Chromosome Morphology.—For the genus as a whole a combination of 
median (m) and submedian (sm) chromosomes predominates over sub- 
terminal (st) ones in-the ratio of five to three. In each of the three sub- 
genéra there is a distinctive ratio of m plus sm to st: in subgenus Rustica 
it is 9:1, in subgenus Tabacum 5:2 and in subgenus Petunioides 4:3. In 
addition, there is a basic karyotype characteristic of those species which 
represent the morphological core of each section. In other words, chromo- 
some morphology in Nicotiana exhibits sufficiently distinctive features to 
have phylogenetic significance (Goodspeed’). 

In the species of genera related to Nicotiana for which chromosome mor- 
phology is known, the genoms consist almost exclusively of m or sm chromo- 
somes. Thus, in species investigated of both Cestrum and Vestza all of the 
chromosomes are m or approximately m, and in 7-paired species of Petunia 
5 are m, 1 is sm and 1 is st. 

The contention that primitive groups tend to possess predominantly m 
chromosomes while those of more advanced status show an increasing pro- 
portion of heterobrachial ones is apparently borne out in Nicotiana. 
Based upon this contention, the above postulated aggregation of 6-paired 
ancestral species probably possessed all m chromosomes. Subsequent evo- 
lutionary levels, progressive in terms of chromosome multiplication and 
with aneuploidy as their by-products, were in most instances characterized 
by differentiation in chromosome morphology, particularly at the 12- 
paired level. Thus, although the rusticoid derivatives (species of subgenus 
Rustica) of the glaucoid complex have preserved almost exclusively the 
primitive m type of chromosome, its tomentosoid derivatives (species of sub- 
genus Tabacum), derivatives of the petunioid complex (species of subgenus 
Petunioides) and species derived by hybridization between the two com- 
plexes themselves totlay combine m, sm and st chromosomes in varying 
proportions. In the rusticoid nucleus the tendency toward preservation of 
the postulated ancestral m type of chromosome may be a product of the 
initial setting apart of a relatively. more uniform, and thus more stable, 


‘type of internal chromosomal structure, perhaps genically conditioned, to- 


gether with the persistence of relatively uniform or favorable environmental 
conditions. 
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There is evidence suggesting the direction which possible future altera- 
tion of the typical m karyotype of subgenus Rustica may follow. In all 
12-paired species of Nicotiana at least four nucleoli are seen, and apart 
from those of subgenus Rustica the majority of the species correspondingly 
show four satellites. In seven of the eight 12-paired species of subgenus 
Rustica only two satellites appear. However, in each of them at least one 
sm chromosome consistently shows a distinct tertiary constriction which 
is presumably associated with a nucleolus organizer. Such chromosomes, 
by fragmentation at the distal portion of the less stable heterochromatic 
regions doubtless associated with these tertiary constrictions, might be ex- 
pected to become transformed into st satellited chromosomes. As a prod- 
uct of an equivalent internal structural differentiation followed by frag- 
mentation the full complement of satellited chromosomes characteristic of 
the majority of the species of subgenus Tabacum and subgenus Petuntoides 
could have been derived. The transitional position in terms of satellite 
evolution which subgenus Rustica apparently occupies would argue in 
favor of its primitive status, one which is indicated on other grounds. 

Metotic Chromosome Behavior—Complete pairing between structurally 
homologous chromosomes is shown at MI in the majority of species. In 
certain 12-paired species, however, bridges and fragments at AJ, and in 
others frequent occurrence of non-conjunction or non-disjunction followed 
by irregular distribution of chromosomes, give evidence of the structural 
hybridity of their genoms. In only one species, an amphiploid on the 24- 
paired level, has the presence of multivalents been observed. Study of 
meiotic behavior in races of at least one polymorphic species demonstrates 
that certain of these races differ from one another by one to several re- 
ciprocal translocations and suggests the réle of structural alterations in 
initi®ting species differentiation in Nicotiana. ? 

All of the twenty-four monosomics of N. tabacum (Clausen and 
Cameron’) and all of the twelve primary trisomics of N. sylvestris (Good- 
speed and Avery®), as well as numerous other chromosomal variants in- 
volving loss or addition of one to several chromosomes have been studied 
in respect to meiotic chromosome behavior. These and similar investi- 
gation of variants involving reduction or multiplication of entire genoms— 
haploids, triploids and tetraploids—have yielded evidence of evolutionary 
significance. For example, the conspicuous morphological distinctions 
characterizing each of the primary trisomics of a single species demon- 
strate the extent to which such chromosome unbalance may be reflected 
in differences in morphological expression. For example, again, the oc- 
currence at MI in tetraploid forms of a number of 12-paired species of 
valencies higher than four (Fardy and Hitier®) suggests the compound 
character of the diploid representatives of those races. 

Meiotic chromosome behavior at MI has been studied in a total of two 
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hundred and thirteen F, interspecific hybrids of Nicotiana. While this 
number of hybrids represents but a small percentage of the possible com- 
binations of the fifty-eight species of the genus, they include representative 
combinations pertinent for interpretation of relationships: fifty-three 
species are involved in the eighty-three intrasectional, forty-nine inter- 
sectional and eighty-one intersubgeneric hybrids analyzed. 

On the basis of the results of these MJ analyses the two hundred and 
thirteen F; interspecific hybrids may be classified into five categories: 
lack of pairing, complete, low variable, high variable and ‘‘ Drosera Scheme’”’ 
pairing (cf. Goodspeed'®). In the high and low variable categories where 
an extremely wide range in number of pairs may occur the high point in 
the range is considered significant as indicating the maximum number of 
appreciable homologous segments in the two genoms involved, while the 
mode may be an expression of normal expectancy on the basis of the maxi- 
mum number of homologous segments present or may indicate the number 
of chromosome pairs possessing relatively large pairing blocks. Similarly, 
in the lack of pairing hybrids with a range of zero to 4 (frequently 0 to 1, 
2 or 3), mode zero, the occurrence of up to 4 pairs presumably represents 
the maximum, though not consistent, expression of small homologous seg- 
ments residual in the genoms involved, while the characteristic mode of 
zero is largely a reflection of the lack of pairing blocks of appreciable size 
and effectiveness. The presence of a limited number of non-homologous 
segments in the genoms of the two parental species may explain the oc- 
casional occurrence of univalents in a hybrid in which the mode is complete 
pairing. Therefore, on the basic assumption of the significance of pairing 
(cf. Stebbins!'), the maximum extent of pairing in an F, interspecific hy- 
brid may be considered as an index of the relationship of the species in- 
volved in terms of their residua of ancestral homology. Such application 
of extent of pairing as a criterion of relationship in Nicotiana largely con- 
firms the morphological evidence expressed in the taxonomic organization 
of the genus. Thus, in approximately ninety per cent of the F, hybrids 
investigated amount of pairing parallels extent of taxonomic relationship 
of the parental species. In the ten per cent in which extent of pairing does 
not correspond to degree of taxonomic relationship some few show higher, 
while the majority show lower, than the amount of pairing to be anticipated. 
Exceptions of the former type furnish an illustration of the value of a pair- 
ing check on a taxonomic organization. Although genetic alterations, re- 
flected in morphological distinctions setting apart two species, have oc- 
curred, genically they have more in common than other species of a similar 
degree of morphological differentiation which show negligible pairing in the 
F, hybrid between them. This means that, in the one case as contrasted 
with the other, there has been less fundamental divergence from a com- 
mon (or related) ancestor. On the other hand, lower pairing in F, than 
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corresponds to degree of taxonomic relationship between the two parental 
Species may be attributed to one or more of the factors recognized as con- 
tributing to secondary disturbance of conjugation. 

In terms of hybrids which reach maturity and thus are available for 
cytological analysis Nicotiana is apparently exceptional, at least among 
genera extensively investigated, in degree of compatibility between its 
species. Thus, relative remoteness in relationship is not a bar to com- 
patibility, as indicated, first by the fact that approximately sixty-five per 
cent of F, interspecific hybrids show meiotic irregularities, and second, as 
noted above, that the same proportion involve as parents members of 
different subgenera or sections. In other words, it appears that factors re- 
stricting compatibility have evolved less rapidly than those inhibiting pair- 
ing and those responsible for specific morphological distinctions. Cer- 
tainly in Nicotiana high degree of compatibility is characteristie of many 
present-day species which have diverged considerably in respect both to 
external morphology and to extent of pairing in /; hybrids between them. 

In some cases both, and in all cases one, of the species related to the 12- 
paired ancestry of each of the nine modern American species on the 24- 
paired level can be identified by meiotic chromosome behavior in appro- 
priate F; interspecific hybrids. For three of the nine an amphiploid origin 
is recognized, with identification of the present-day 12-paired descendants 
of both the original parental races provided in large part by the ‘‘Drosera 
Scheme”’ pairing relations exhibited by the hybrids between these descend- 
ants and the 24-paired species in question. Of these three, N. arentsit 
furnishes a demonstration of an evolutionary sequence initiated by amphi- 
ploidy which is today in progress. Thus, the descendants—JN. undulata 
and N.*wigandioides—of the two 12-paired races which entered into its 
amphiploid origin possess in their genoms sufficient homologous segments 
to produce a considerable number of bivalents at MI of the F; hybrid be- 
tween them. Therefore, the original parents represented only certain 
extents of differentiation, both genic and structural, from a common an- 
cestor or closely related ancestors on the 12-paired level. Consistent with 
this proposition is the occurrence in N. arentsi of multivalents which also 
appear frequently at MJ in F, hybrids between that species and N. un- 
dulata and N. wigandioides. By contrast, N. tabacum, another 24-paired 
species of known amphiploid origin, combines in its ancestry progenitors of 
two 12-paired species—J. sylvestris and N. otophora or another member of 
the same section—which are today taxonomically remote. Correspond- 
ingly, the F, hybrid between these two 12-paired species shows almost com- 
plete lack of pairing and no multivalents appear at MI in N. tabacum. 
This evidence indicates that the considerable degree of multivalency ex- 
hibited by F; hybrids between N. tabacum and both N. sylvestris and N. 
otophora (or its relatives) is referable to translocations within the genoms 
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of N. sylvestris and of N. otophora or within the-genom of N. tabacum during 


the evolution of these three species. 

For the remaining six 24-paired American species an amphiploid origin 
is indicated by “Drosera Scheme”’ pairing or approximation thereof at MJ 
in F, hybrids between each of these species and a specific 12-paired species. 
In each case the modern descendants of the other original parent on the 
12-paired level have presumably become extinct. However, in some in- 
stances morphological and in others cytogenetic evidence points to the po- 
sition in the author’s taxonomic organization of the genus which those 
species would have occupied. Both types of evidence suggest for certain 
pairs of modern 24-paired species one common 12-paired ancestor, in some 
instances represented by descendants today, in others not so represented. 

The group of related species including N. repanda, N. nesophila and N. 
stocktoni1t provides a present-day illustration of species differentiation from 
a common ancestor on the 24-paired level. Morphologically the dis- 
tinctions within the group pattern are considerable but complete pairing 
in F, intragroup hybrids occurs. The case of N. arentsii, discussed above, 
provides a possible picture of the origin of such species groups since the 
products and by-products of multivalent formation, including substitution 
between members of subgenoms, to be anticipated in the evolution of N. 
arentsit could initiate species differentiation. 

Processes similar to those known to be responsible for origin of the 24- 
paired level from progenitors of known 12-paired species were presumably 
operative in initiating the 12-paired level from postulated 6-paired an- 
cestral species (cf. Kostoff*). Parallel origin from a primitive 6-paired 
ancestral level not -only of preNicotiana but also of, at least, preCestrum 
and prePetunia permitted inter-pregeneric hybridization. In péart the 
product of such hybridization on the next level of differentiation, when 
those various genera were establishing their distinct modes of morphological 
variation, was, as already noted, the definition of the 6-paired glaucoid and 
petunioid complexes in Nicotiana. A subsequent period of expansion of 
these two complexes gave a series of species whose ranges of morphological 
variation in some instances did and in others did not appreciably overlap. 
Correspondingly, their genoms became to different extents mutually ex- 
clusive in terms of genic content and structural organization. 

Crossing between 6-paired races of various degrees of differentiation from 
the preNicotiana level onward, followed by chromosome doubling, was 
doubtless a determining factor in the origin of the 12-paired level, just 
as such amphiploidy has been largely responsible for the origin of the 
modern 24-paired level. On this assumption, the extent of funda- 
mental relationship between 6-paired ancestors plus accumulation of genic 
and structural distinctions since establishment of the 12-paired level are 
reflected in the amount and character of pairing at MI of F, hybrids be- 
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tween present-day 12-paired species. Thus, complete pairing in such 
hybrids may be interpreted as the expression of an originally maximum de- 
gree of relationship together with minimum later accumulation of genic 
and structural alterations. The opposite extreme, almost complete lack 
of pairing, would then be referable to minimum initial relationship plus 
maximum incidence of distinctions subsequently produced, while low and 
high variable pairing indicate intermediate expressions of the two factors. 

Obviously, the possibility of an auto- as contrasted with an essentially 
alloploid origin of certain members of the original 12-paired from the 6- 
paired level cannot be excluded. The occurrence of multivalency in cur- 
rent 12-paired species or evidence of autosyndesis in F; hybrids between 
them should follow such origin. The first of these consequences has not, in 
my experience, been demonstrated and evidence concerning the second 
would be difficult to obtain because of lack of large morphological distine- 
tions at MJ between members of the genoms of Nicotiana species. On the 
other hand, it is possible that autosyndesis, a product of autoploid origin 
of one or both parents, may explain in certain instances high variable pair- 
ing in F, hybrids between modern 12-paired species. A 6-paired ancestor in 
common between two such species, each originating by alloploidy, could be 
reflected in low variable pairing. In any case, pairing variability is doubt- 
less a product largely of differentiation after attainment of the 12-paired 
level which has served to reduce the size and alter the arrangement of 
originally extensive homologous segments. 

Conclusion.—The point of view presented here concerning the eetiathias 
of Nicotiana emphasizes the réle which hybridization has played in estab- 
lishing the modern expression of the genus, assuming the existence of a now 
extinct reservoir of 6-paired preNicotiana races from which the progenitors 
of modern 12-paired and 24-paired species levels were derived, largely by 
amphiploidy. Differentiation on the 6-paired level produced two basic an- 
cestral complexes in the development of which hybridization between pre- 
Nicotiana and at least preCestrum and prePetunia was concerned. From 
these complexes was produced a series of 12-paired derivatives certain of 
which are united in the subdivisions of the author’s taxonomic treatment of 
the genus while others trace their origin more directly to both the ancestral 
complexes via hybridization between their components or immediate deriv- 
atives. The present-day 24-paired species level arose largely by amphi- 
ploidy involving members of most of the 12-paired clusters of species into 
which the ancestral complexes became segregated. Throughout the evo- 
lutionary sequence genic and structural chromosomal alterations played a 
part at first more, and later less, definitive than amphiploidy in producing 
differentiation at successive levels, culminating in the range of morphologi- 
cal variation exhibited by the current Nicotiana species assemblage. Docu- 
mentation of these propositions is afforded by the combined taxonomic, 
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morphological, distributional and cytological evidence, the most pertinent 
aspects of which have been briefly outlined above. 

In evaluating the present and predicting the future evolutionary status 
of Nicotiana it is to be borne in mind that evidence indicating antiquity does 
not necessarily indicate senescence from the genetic point of view. Al- 
though the extent of morphological, and especially physiological, speciali- 
zation attained by many species of Nicotiana suggests a point in the ge- 
neric cycle past maturity, the degree of polymorphy indicates a plasticity 
and capacity for expansion characteristic of a relatively: aggressive stage of 
the cycle (Clausen, Keck and Hiesey'?). The degree of polyploidy already 
attained by the genus, a product of the continuing and‘ definitive réle of 
hybridization in its evolutionary history, might argue for its advanced or 
even senescent status. On the other hand, it appears that hybridization 
with the genom or the gene as the unit of differentiation remains a poten- 
tially effective mode of future evolution because apparently genetic bar- 
riers are accumulating less rapidly than genic alterations determining spe- 
cies distinctions, with the result that there is a high degree of intersubge- 
neric as well as intersectional and intrasectional crossability. While the 
present-day range of distribution of the genus in terms of species is, in gen- 
eral, locally restricted and apparently not increasing, the tripartite nature 
of its global spread argues against the possibility of extinction since, ob- 
viously, future climatic or other alterations would be unlikély to be opera- 
tive over a sufficient geographic area to eliminate all its species. Indeed, on 
the assumption that the early part of an interglacial period now obtains, 
the future extension of a genus, most species of which are arid or semiarid 
types, would be favored by increasingly warmer, drier climates. In other 
words, despite the fact that numbers of species of Nicotiana have doubtless 
become extinct, that others have become extremely restricted in extent, and 
that many are today polyploids exhibiting considerable specialization, sur- 
vival of Nicotiana as a genus is favored by its relatively wide range in dis- 
tribution and morphological character together with its lack of barriers to 
hybridization. 


* Contribution No. 117 from the University of California Botanical Garden, Berkeley. 
The investigations referred to here have been aided by grants from the Committee on 
Research, University of California. 
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ANTIBIOTIC SUBSTANCES FROM BASIDIOMYCETES I. Pleuro- 


tus griseus* 
By WittraM J. ROBBINS, FREDERICK KAVANAGH AND ANNETTE HERVEY 
DEPARTMENT OF BOTANY, COLUMBIA UNIVERSITY, AND NEW YorK BOTANICAL GARDEN 


Communicated April 18, 1947 


™n a survey! conducted in this laboratory it was noted that 213 of the 332 
svecies of Basidiomycetes studied produced substances that inhibited the 
growth of Staphylococcus aureus. Among the species that seemed worthy — 
of further investigation was Pleurotus griseus.” 

P. griseus grew with medium rapidity on a thiamine-peptone agar! and a 
modified Czapek-Dox agar to which corn steep solids had been added. It 
formed a pink pigment which diffused into the agar. After the fungus had 
grown for one to several weeks, discs 5.5 mm. in diameter were cut on a ra- 
dius extending from the center of the colony into the agar adjacent to the 
colony. These discs were placed on a yeast-peptone agar seeded with 
Staph. aureus and the plates incubated overnight at 37 + 2°C. Clear zones 
of inhibition were found around the discs indicating that some substance or 
substances had diffused from the agar discs into the surrounding seeded 
medium in sufficient concentration to inhibit the growth of the staphylo- 
cocci in the agar. A disc cut from the agar at as great a distance as 20 mm. 
from the edge of the colony frequently produced a zone of inhibition. The 
zones, while small, were clear, indicating that bacteria resistant to the an- 
tibiotic substance or substances were absent. Disc tests, with strains of 
Staph. aureus resistant to other antibiotic substances, indicated that P. 
griseus produced an antibiotic substance which was different from penicillin 
and different from the active substances produced by several other Basidi- 
omycetes. The antibiotic substance or substances from P. griseus did not 
inhibit the growth of Escherichia colt. 

P. griseus was grown on several types of nutrient media, differing from 
one another in the source of nitrogen and carbon, to determine the effect of 
the medium on the production of the antibacterial substances by the fungus. 
Cane sugar, dark brown sugar, galactose, lactose, mannitol and corn steep 
solids were ineffective carbon sources; maltose and soluble starch were 
poor; dextrose and levulose were the best and nearly equal so far as the 
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production of antibacterial substances was concerned. Various amounts of 
dextrose ranging from 10 to 100 g. per 1. were tested; 40 g. per 1. seemed 
somewhat superior to 20 or 60 g. Nitrates and asparagine in the presence 
of dextrose, were unsatisfactory sources of nitrogen; corn steep solids, an 
extract of corn steep solids made with 90 per cent methanol, N-Z-CASE, 
amigen and neopeptone were all effective. On the basis of this survey it 
was decided that a practical medium to use for liquid culture was a modi- 
fied Czapek-Dox mineral solution® to which 40 g. of dextrose and 5 g. of 
corn steep solids were added per liter of solution. 

Antibiotic Material in Liquid Culture-—The fungus was grown at 25°C. 
in Fernbach flasks on coils of beech shavings, using one liter of the above 
medium per flask. After a growth period of about one month, the fungous 
mat had nearly covered the entire liquid surface; the liquid had an activ- 
ity of about 1000 dilution units per ml. when assayed with Staph. aureus 
(Heatley strain). The culture fluid was then decanted and replaced by one 
liter of fresh corn steep medium. After a further incubation period of 
from 5 to 7 days, the antibacterial activity of the culture fluid in the re- 
flooded flask was usually at least 256 dilution units. This culture fluid 
was then decanted and replaced by fresh nutrient solution. This reflood 
technique saved from seven to fifteen days in the production of each lot of 
active culture fluid and was especially useful for those Basidiomycetes 
which grow slowly.‘ Flasks which had been reflooded nine, times have 
shown as rapid and as great a production of antibacterial substance during 
the last period of reflooding as during the first. : 

Isolation of an Antibiotic Substance.—Pooled culture fluids with an 
activity of from 256 to 1024 dilution units per ml. were strained through 
cheesecloth to remove bits of mycelium and wood. They were then ex- 
tracted by shaking with a one-tenth volume of chloroform. The chloroform- 
in-water emulsion was removed and centrifuged to break the emulsion. 
The chloroform portion was extracted three times with one-tenth volume of 
one per cent sodium bicarbonate solution to remove acids. The chloroform 
solution was then reduced-to a few milliliters by distillation under reduced 
pressure, transferred to a small beaker and left at room temperature until 
all the chloroform had evaporated. A reddish gum in the beaker was dis- 
solved in the minimum volume of hot ethanol, ether was added, the beaker 
covered and let stand at room temperature to permit slow evaporation of 
the solvents. Orange-colored crystals formed soon after the ether was 
added. The crystals were removed, washed with ether and air-dried. The 
product was recrystallized from a chloroform-ether solution. Large amber 
colored crystals were formed when evaporation of the solvents took place 
very slowly. Fine needle-like yellow crystals were formed as a result of 
rapid evaporation of the solvents. From 100 to 180 mg. of the crystalline 
material were obtained per 1. of culture fluid. 
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A solution prepared from the crystals showed activity after 24 hrs. 
against Staph. aureus at a concentration of 1 wg. per ml. of solution and no 
activity against EL. coli. The crystalline antibiotic substance was named 
pleurotin. ' ; 

Chemical Properties of Pleurotin.—Pleurotin began to melt with decom- 
position at temperatures between 200° and 215°C. depending upon the rate 
of heating. Qualitative tests indicated the absence of ash and of the follew- 
ing elements: halogens, nitrogen and sulfur. 

Microanalysis’ gave the following: C, 70.83, H, 6.43; Mol. wt. (Rast) 
343; MeO, 0.0. The computed values for an empirical formula of CooH»2O; 
were C, 70.16; H,-6.47; Mol. wt. 342.4. Pleurotin was optically active 
with a] = —20°; C = 0.59 m. chloroform. We are indebted to Dr. J. 
D. Dutcher of The Squibb Institute for Medical Research for the molecular 
weight, analysis and optical rotation. 

The absorption spectrum had a single absorption peak in the ultra violet 
at 2500 A for which the molecular extinction co-efficient was 13,680 (molec- 
ular weight assumed to be 342) for a solution in 4 per cent ethanol. The 
absorption in the visible was not measured. 

The solubility of pleurotin at 25° was in water 0.125 mg. per ml., in 95% 
ethanol 6.8 mg. per ml., in 5% ethanol, 0.37 mg. per ml., in ether 3.5 mg. per 
ml. and in chloroform more than 200 mg. per ml. It was relatively insol- 
uble in dilute acids, dilute solutions of sodium bicarbonate and in petroleum» 
ether. It was more soluble in acetone. 

Pleurotin did not give a color reaction with ferric chloride. It liberated’ 
iodine from acidified potassium iodide solution. Its reaction with a solu- 
tion of potassium cyanide to give a blue color was used as the basis of a 
colorimetric method suitable for the quantitative determination of pleuro- 
tin in culture fluids and other solutions. 

Pleurotin was adsorbed from culture fluids by Norit A and eluted from 
the air-dry carbon by chloroform. Pleurotin is a neutral substance which 
reacts with alkali to give an acidic product deveid of antibacterial activity. 

Pleurotin was not thermostable. Solutions of pleurotin in 0.1 M. phos- 
phate bufter when boiled for ten minutes lost 50 per cent of their biological 
activity at pH 3, 75 per cent at pH 6.5 and all their activity at pH 8:5 and 
higher. Pleurotin was 75 per cent destroyed in one hour at pH 8.5 and 
25°C. An aqueous solution containing 100 ug. of pleurotin per ml. lost 30 
per cent of its pleurotin as determined chemically after autoclaving at 
120°C. for 15 min. Pleurotin in solution was rendered inactive by expo- 
sure to light for afew hours. It was filterable through a Seitz filter pad. 

The chemical and physical properties of pleurotin are sufficient to estab- 
lish it as different from all other antibiotic substances that have been pre- 
pared in pure form. The low solubility of pleurotin in aqueous solution 
and its instability suggest that its possible therapeutic value is unlikely. 
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Antibacterial Action of Pleurotin.—The antibacterial activity of pleurotin 
was determined by the methods in use in this laboratory.’ The bacteria 
used were: Sigph. aureus, Klebsiella pneumoniae, Photobacterium fischeri, 
and the following standard tester strains of S. A. Waksman: E. coli, B. 
mycoides and B. subtilis. The following table gives the minimum antibac- 
terial concentrations of pleurotin after an incubation period of 24 hours: 


BACTERIA uG. PER ML, 
Staphylococcus aureus 0.8 
Bacillus mycoides 1.6 
Bacillus subtilis 0.2 
Escherichia coli 500.0 
Klebsiella pneumoniae 500.0 
Photobacterium fisheri 6.0 


The activity for incubation periods of 16 to 18 hrs. was somewhat higher 
and for 48 hrs. was one-half or one-quarter the values given. 

Pleurotin was active only on the gram-positive bacteria. The culture 
fluid from Pleurotus griseus was active only on the gram-positive bacteria 
indicating the absence of an appreciable amount of a second antibiotic 
substance with antibacterial properties markedly different from those of 
pleurotin. The antibacterial activity of a culture fluid was equal to that 
of,a solution of pure pleurotin of the same concentration, the pleurotin 
content of the culture fluid being determined by the potassium cyanide 
method. 

Toxicity for Mice.—Tests made by Dr. G. Rake at the Squibb Institute 
for Medical Research indicated that a single dose of pleurotin was not toxic 
when given intravenously to white mice at the rate of 24 mg. per kilogram 
of body weight. Pleurotin is so insoluble in aqueous solutions that larger 
amounts could not be given. For the twenty studies 11.4 mg. of pleurotin 
were dissolved in 1.0 ml. of warm ethanol and diluted with 19.0 ml. of warm 
saline solution. By maintaining the solution at 37° crystallization was de- 
layed long enough to permit intravenous injection. 

Activity on M. tuberculosis.—Through the courtesy of Dr. Ralph R. Mel- 
lon, Institute of Pathology, Western Pennsylvania Hospital, Pittsburgh, 
Pa., tests were carried out by Miss Jean Onslow on Mycobacterium tubercu- 
losis. Discs cut from a 29-day old colony of P. griseus grown on the modified 
Czapek-Dox medium containing corn steep solids showed inhibition of an 
avirulent strain of M. tuberculosis H 234 on a yeast peptone agar. The 
activity was confined to the discs from the colony and was less than for 
Staph. aereus. A comparison for the two organisms is given in the follow- 
ing table where the inhibition in mm. is given for 6 discs taken on a radius 
extending from the center of the colony. Discs 1 and 2 came from the fun- 
gous colony. 
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Ls ENG 
ORGANISM ~~__ l 2 3 4 5 6 
Staph. aureus 17 17 11 9 8 Halo 
M. tuberculosis H 234 11 < 0 0 0 0 


Agar discs saturated with pleurotin produced no zones of inhibition. 
Pleurotin at a concentration of 100 wg. per ml. of Youmans’ medium’ or 
Kirchner’s medium*® was ineffective. 

Discs from a colony P. griseus 9 days old were tested on virulent M. tu- 
berculosis H 37 grown on Herrold egg medium. A disc taken from within 
the limits of the fungous colony produced an inhibition zone of 7 mim. 
Discs from the edge of the colony or in the agar adjacent to the colony were 
ineffective. 

Relative Activity of Pleurotus griseus and pleurotin—Some observations 
made during the course of our investigation indicated that all of the anti- 
bacterial activity of P. griseus was not accounted for by pleurotin. Disc 
cut from within the limits of a colony of P. griseus gave zones of inhibition 
on Staph. aureus and M. tuberculosis considerably larger than those ob- 
tained with similar discs saturated with pleurotin. The presence in the 
mycelium of an enzyme capable of forming an antibacterial substance dur- 
ing the incubation of the discs at 37° or of a-factor which enhanced the ac- 
tivity of pleurotin was not demonstrated by our experiments. 

On the other hand, an aqueous extract of the mycelium tested by the cup 
method against Staph. aureus was considerably more effective than,a satu- 
rated solution of pleurotin and an acid fraction.’ prepared from culture liq- 
uid gave large zones of inhibition. 

The acid fraction showed some activity (1333 dilution units per g.) on 
M. tuberculosis H 234, although a saturated solution of pleurotin was inac- 
tive. The activity of this fraction on Staph. aureus was 8000 dilution units 
per g. A 

This evidence was taken to indicate the production by P. griseus of an 
antibacterial substance or substances other than pleurotin. Since the un- 
identified substances were not isolated, we do not know whether they fall 
within the antibiotic range (effective at a dilution of 1 to 40,000 or less). 
In any event, the quantity in the culture liquid must be small since within 
the limits of error the antibacterial activity of the culture liquid can be ac- 
counted for on the basis of its pleurotin content as determined chemically. 


* This investigation was supported in part by grants from The Commonwealth Fund 
and The Squibb Institute for Medical Research. 

1 Robbins, W. J., Hervey, A., Davidson, R. W., Ma, R., and Robbins, W. C., Bull. 
Torrey Bot. Club, 72, 165-190 (1945). 

2 The fungus was obtained from Dr. Ross W. Davidson and is numbered 14616-R in 
his collection. Another isolation of Pleurotus griseus obtained. from Dr. Mildred K. 
Nobles was also active. No difference in the pleurotin formed by the two strains was 
detected. : 
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3 The mineral solution contained per liter, 3 g. NaNO;, 1 g. KH2PQO,, 0.5 g. KCI, 
0.5 g. MgSO,.7H2O and 0.01 g. Fe.(SO,);. 

4 Robbins, W. J., Kavanagh, F. A., Hervey, A., Ann. N. Y. Acad. Sct., 48, 67-72 
(1946). 

5 The microanalyses and molecular weight determinations were carried out by Mr. 
J. J. Alicino of The Squibb Institute for Medical Research. 

6 Kavanagh, F., Bull. Torrey Cl..b, 74 |in press]. 

7 Youmans, G. P., Proc. Soc. Exp. Biol. and Med., 57, 119-122 (1944). 

8 Kirchner, O., Zbl. f. Bakt. I Orig., 124, 403-412 (1932). 

9 The acids removed from the chloroform extract of the culture liquid by treatment 
with NaHCO,, as described previously, were dissolved in ether. The ether solution was 
ex racted with 1 per cent NaHCO, the bicarbonate solution acidified and the organic 
acids. passed into ether. This process was repeated nine times, a procedure which 
should have removed all pleurotin. The acid fraction obtained in this way was taken to 
dryness and extracted with water. The resulting water extract was the acid fraction 
referred to in the text. 


ANTIBIOTICS FROM BASIDIOMYCETES II. Polyporus biformis* 
By WILLIAM J. RoBBINS, FREDERICK KAVANAGH AND ANNETTE HERVEY 


DEPARTMENT OF BOTANY, COLUMBIA UNIVERSITY, AND NEw YorRK BOTANICAL GARDEN 


Communicated April 25, 1947 


In a survey of fungi reported earlier,’ Polyporus biformis® was found to 
product antibacterial-substances. Its activity on Staphylococcus aureus 
(H) as evidenced by the disc test, encouraged us to investigate it further. 

This fungus grew well at 25°C. on malt agar, thiamine-peptone agar and 
a modified Czapek-Dox agar to which corn steep solids had been added,! 
and produced antibacterial substances on all three media. Tested by the 
streak method, inhibition zones extending 12 to 25 mm. from the edge of 
the fungus colony were observed. The inhibition of E. coli was less than 
that of Staph. aureus. When the antibacterial activity was tested by 
the agar disc! method, inhibition areas as large as 25 mm. in diameter with 
a 5.5 mm. disc were obtained with Staph. aureus. 

Culture liquids of P. biformis evidenced antibacterial activity. The 
fungus was grown at 25°C. in 2800 ml. Fernbach flasks containing 1 1. of 
modified Czapek-Dox medium with dextrose and corn steep solids* on 
coils of beech wood shavings which furnished mechanical support for the 
mycelium. After a growth period of 2 weeks or more, the activity of the 
culture liquid on Sfaph. aureus ranged from 64 to 256 dilution units. When 
the activity of the culture fluid approached 256 dilution units, the liquid 
was decanted with suitable precautions to prevent contamination of the 
cultures and each mycelial mat was reflooded with 1 1. of fresh sterile cul- 
ture solution. Within 6 to 10 days the activity justified further decanta- 
tion and reflooding. Several mats were reflooded as many as 20 times in the 
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course of a year with as rapid and as great production of antibacterial 
substances during the last reflood period as during the first. Maximum ac- 
tivity of culture liquid in reflooded flasks was reached in 2 weeks or less; 
extending the period to 8 weeks did not result in a material increase in ac- 
tivity. An extract of the mycelium prepared by grinding with sand and 
water exhibited considerable antibacterial activity for Staph. aureus. 

Preliminary experiments showed that the antibacterial activity was in- 
creased 4 to 8 times by boiling the culture liquid for 10 minutes. For ex- 
ample, culture liquid with an activity for Staph. aureus of 64 dilution units 
per ml. was mixed with an equal volume of 0.1 M. phosphate buffers to pro- 
duce pH 3.0 or pH 6.5. An equal volume of sodium bicarbonate-sodium 
carbonate buffer solution of pH 8.5 was added to some of the liquid and to 
another aliquot an equal volume of 2 per cent Na,CO; to reach approxi- 
mately pH 11.0. Each of these solutions was allowed to stand 1 hr. at 
25°C., 1 hr. at 60°C. and 10 minutes at 100°C., neutralized and assayed. 
Boiling at 100°C. at pH 3.0 and 6.5 increased the activity on Staph. aureus 
4 times, did not affect it at pH 8.5 and reduced it at pH 11.0. The follow: 
ing table in which the activity on Sfaph. aureus is given in dilution units per 
ml. summarizes the effects of pH and temperature on the culture liquid in 
this experiment. 


PH 1 wR., 25°C, 1 HR., 60°C. 10 minuTEs, 100°C. 
3.0 32 64 128 
6.5 64 32 256 
8.5 16 32 16 
11.0 "16 2 <2 


There appeared to be, two antibiotic substances in the boiled culture liq- 
uid of P. biformis; one neutral in character; the other, acid. It was 
found that most of the active material could be extracted by organic sol- 
vents from slightly acid, neutral or slightly alkaline solutions; that is, it be- 
haved as a neutral substance. However, by extracting the culture liquid 
twice with CHC1; at pH 6 to 7, acidifying the residual culture liquid to 
pH 2, or lower, and reéxtracting with CHCl;, the presence of a small 
amount of an antibiotic substance acidic in nature was demonstrated. 
The neutral substance was named biformin and the acidic, biforminic acid. 

It was found, further, that the antibacterial activity was completely lost 
if the culture liquid, or extracts from it, were dried. The CHC; extracts, 
even though dried in a high vacuum, formed a black, insoluble product and 
lost their activity completely. 

Concentration of Antibacterial Substances.—The concentration procedure 
eventually developed and generally used in our experiments was as fol- 
lows: The pooled culture liquid (pH 4.9) from 20 Fernbach fiasks was 
boiled for 10 minutes, cooled and extracted with 0.1 volume of CHC; to 
remove biformin. The residual culture liquid was acidified to pH 2.0 or 
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less and reéxtracted with 0.1 volume of CHCl;. This CHC1; solution con- 
tained the biforminic acid. The aqueous extracted solution had little ac- 
tivity and was discarded. 

The CHC}, solution containing the biformin (neutral antibacterial sub- 
stance) was evaporated at room temperature to small volume in a large 
crystallizing dish by blowing a stream of warm air.from a hair-drier over 
the surface of the liquid. Before complete drying, the CHCl; was covered 
by a layer of water and evaporation continued until all of the chloroform 
was removed. The turbid, brownish aqueous solution was filtered to re- 
move water-insoluble substances. The filtrate was clarified and sterilized 
by filtration through a Seitz sterilizing pad. The resulting pale yellow solu- 
tion had an activity against Staph. aureus of from 900 to 1750 dilution units 
per mg. of solids. 

The biformin was further purified by precipitating with silver nitrate 
and recovering it from the silver precipitate. Two procedures were fol- 
lowed, both of which appeared satisfactory. An aqueous solution of crude 
biformin, prepared as described above, was acidified with HNO; and silver 
nitrate was added. An alternate method was to stir a CHC1,; extract of cul- 
ture fluid containing biformin with one quarter volume of 0.17 per cent 
AgNO; for four hours. 

The yellow silver compound was found to darken on drying and biformin 
could not be recovered from the brownish material. It seemed to be stable 
’ if kept under water. Biformin was recovered from the silver compound by 
suspending it in a large volume of water, stirring vigorously with an electric 
stirrer and adding KI and HCI slowly. Stirring was continued for an hour 
after the addition of the KI and HCl. The mixture of silver iodide, biformin 
and water was neutralized and extracted several times with ether. The 
ether was removed by rapid evaporation over a layer of water with stirring. 
The aqueous solution was filtered through a Seitz filter to remove finely di- 
vided solids and. to sterilize the solution. A solution of biformin prepared in 
this way assayed 3600 dilution units per milligram against Staph. aureus. 

The chloroform solution containing biforminic acid (the acid antibac- 
terial substance) was extracted twice with one-tenth volume of 1 per cent 
sodium bicarbonate solution. The combined bicarbonate solutions were 
extracted twice with an equal volume of ether, which was discarded. The 
bicarbonate solution was then acidified to less than pH 2 and the turbid 
aqueous solution extracted three times with an equal volume of ether. The 
ether extracts were combined and washed several times with water. The 
biforminic acid was extracted from the ether solution by a small amount of 
one per cent sodium bicarbonate solution. This antibiotic substance was 
nearly as sensitive as biformin to drying. 

The antibacterial activities of biformin and biforminic acid were similar. 
This was the justification for naming the acid substance biforminic acid. 
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Biforminic acid accounted for less than 10 per cent of the antibacterial ac- 
tivity of the boiled culture liquid. The biforminic acid content of the cul- 
ture liquid, as far as our observations indicated, was not materially affected 
by boiling. The increased activity on boiling the culture liquid was the 
result of the formation of biformin. The precursor of biformin was not 
extracted by CHC1; or methyl isobutyl ketone and was inactive on Staph. 
aureus. 

Chemical Properties of Biformin.—Biformin was found to be soluble in 
water, very soluble in ether, chloroform, methyl-isobutyl-ketone and al- 
cohol. It formed nearly colorless solutions in water. It was not volatile 
with steam. Its activity was unaffected by heating to boiling in 0.01 N acid 
or alkali. Biformin was quite stable in dilute aqueous solution, but un- 
stable in concentrated aqueous solution. Its instability on drying and in 
concentrated solution and its ability to form a silver compound, all suggest 
that it is a highly unsaturated substance. The black, insoluble product 
which resulted from drying biformin, was interpreted to be a polymeriza- 
tion product. 

Neither biformin nor biforminic acid gave a colored compound with po- 
tassium cyanide solution. They did not release iodine from cold hydriodic 
acid. A biforminic acid preparation of low purity gave a brown color with 
aqueous ferric chloride; biformin did not react. 

Antibacterial Activity of Biformin and Biforminic Acid.—Both biformin 
and biforminic acid were active against a wide variety of bacteria. The ac- 
tivities were determined by serial dilution and are given in the following 
table: 


INHIBITORY CONCENTRATION IN ywG. PER ML. 


BIFORMIN BIFORMIN BIFORMINIC ACID 

ORGANISM 121-3 114-417 2-7 
Bacillus mycoides 5 13 3.4 
Bacillus subtilis 0.04 0.04 0.2 
Escherichia cola 1.6 0.6 3.4 
Klebsiella pneumoniae 1.6 0.6 6.8 
Photobacterium fischeri 0.02 mete 3 
Pseudomonas aeruginosa 50 32 220 
Mycobacterium phlei 0.6 >2.5 0.8 
Mycobacterium smegmatis (smegma) 3 3.5 6.8 
Staphylococcus aureus 0.3 0.8 0.7 


Results for two of the purest preparations of biformin prepared through the 
silver compound are given. The biforminic acid was a concentrate that had 
good activity. The results are reported as the minimum concentration in 
ug. per ml. that caused inhibition of growth of the test bacteria for 24 hours. 
The Pseudomonas aeruginosa was obtained through the courtesy of Merck 
& Co., Inc.; the Mycobacterium phlei was obtained from Dr. G. Rake; 
the M. smegmatis (smegma) was a strain that had been carried in culture on 
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an egg medium at Smith College for many years and was furnished by Dr. 
Elinor V. Smith. 

Pseud. aeruginosa was the most resistant organism tested, requiring 32 to 
50 wg. per ml. for inhibition. B. subtilis, E. coli, K. pneumoniae, M. phlei, 
M. smegmatis (smegma), Photo. fischeri and Staph. aureus were inhibited 
' by less than 5 wg. per ml. B. mycoides was somewhat more resistant. 

We were not successful in developing strains of Staph. aureus resistant to 
biformin. 

Antifungal Activity —P. biformis and biformin exhibited considerable 
antifungal activity. This was suggested by the observation that contami- 
nation of cultures of P. biformis after decanting culture liquid and reflooding 
was extremely rare. Inhibition of various fungi growing in the vicinity of 
colonies of P. biformis was observed. No growth of Trichophyton mentagro- 
phytes occurred in a nutrient agar containing 4 dilution units (Staph. au- 
reus) of biformin per ml.‘ 


Mycobacterium Tuberculosis——Through the courtesy of Dr. Ralph R. 
Mellon, Institute of Pathology, Western Pennsylvania Hospital, Pitts- 
burgh, Pa., preliminary tests were carried out by Miss Jean Onslow on the 
activity of P. biformis on M. tuberculosis. Agar discs, cut from a 6-day old 
colony grown on Czapek-Dox agar medium supplemented with corn steep 
solids, inhibited an avirulent strain (H 234) of M. tuberculosis on a yeast- 
peptone medium. Discs from a 4-day old culture of the fungus were found 
to give zones of inhibition on virulent M. tuberculosis H 37 grown on Her- 
rold egg agar. A comparison of the activity on Staph. aureus and M. tuber- 
- culosis on the two media is given in the following table. The discs were 5.5 
mm. in diameter and cut on a radius extending from the center of the col- 
ony. The first two discs came from within the limits of the fungous col- 
ony. The diameter of the zones of inhibition is given in mm. 


Pte 
ORGANISM -~__ 1 2 3 4 ' 6 
AND MEDIUM 
Staph. aureus 
Yeast peptone 22 22 22 12 Halo 
M. tuberculosis (H 234) 
Yeast peptone 18 15 11 9 0 
Staph. aureus 
Herrold egg agar 9 9 0 0 0 0 
M. tuberculosis (H 37) 
Herrold egg agar 16 14 14 0 0 0 


Boiled culture liquid with an activity of 256 dilution units for Staph. aureus 
showed some activity in Kirchner’s medium for both strains of M. tubercu- 


losis. 
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Further experiments® with a biformin sample prepared through the 
silver compound indicated the activity in vitro to be as great or greater on 
M. tuberculosis as on Staph. aureus. This is shown in the following table, 
in which the minimum inhibitory concentrations are given in yg. per ml. 


M. 


M. M. tuberculosis Staph. 
SAMPLE NO. COMPOUND phlet smegmatis H 37 Rv aureus (H) 
121-3 Biformin 1.4 1.8 0.56 0.97 


Staph. aureus was grown in beef heart broth and the Mycobacteria in 
a modified Kirchner’s medium. 

Effect of Blood on Activity of Biformin.—The addition of 5 per cent calf 
serum to beef heart broth had little or no effect on the activity of biformin 
on Staph. aureus. The addition of 5 per cenit defibrinated rabbit blood re- 
duced the activity to 0.1 that in the both. 

Animal Toxicity—Given intravenously, 10.7 mg./kg. of sample 121-3 
caused no deaths in 5 mice used for each test. However, 12.5 mg./kg. of 
sample 121-3 killed 3 of 10, 15.0 mg./kg. killed 6 of 10 mice and 18.8 mg./ 
kg. killed 5 of 5. Given intraperitoneally to small numbers of animals, 9.4 
mg./kg. of sample 121-3 killed 4 of 5; with 12.5 mg./kg. of sample 121-3, 2 
of 5 were killed and 37.5 mg./kg. killed 5 out of 5. At the lower dosage the 
deaths were delayed. Administered subcutaneously or intraperitoneally, 
7.15 mg./kg. per day over a period of 5 days caused no deaths of 5 treated 
mice, while 4.68 mg./kg. per day, administered intraperitoneally to younger 
mice for 12 days, resulted in 1 death in 10 mice. 

One of us (F. K.) suffered from severe dermatitis involving wield and 
watery blisters after contact with preparations of biformin. 

Chemotherapeutic Action——No chemotherapeutic benefits were’ observed 
in mice of preparation 121-3 against Staph. aureus (Smith) or M. tuberculo- 
sis H 37 infections in mice. The lack of activity in vivo was probably re- 
lated to the action of blood in reducing the activity of biformin (see above). 

Preparation 121-3 was given intraperitoneally and subcutaneously at 7.5 
mg./kg. in tests with Staph. aureus (Smith). The experiment was repeated 
_ with 3.75 mg./kg. intraperitoneally with one group of mice and 7.5 mg./kg. 
subcutaneously with another. In tests with M. tuberculosis preparation 
121-3 was given intraperitoneally at 9.38 mg./kg. daily for 3 days and re- 
duced to 4.69 mg./kg. per day until death of the animals. The experiment 
was repeated using an intraperitoneal injection of 2.5 to 3.75 mg./kg. daily. 

Summary.—Polyporus biformis produces two antibiotic substances in 
culture liquids. These have been named biformin and biforminic acid. 
Both substances inhibit a number of gram negative, gram positive and acid- 
fast bacteria. The best preparations of biformin inhibited Staphylococcus 
aureus in beef broth at less than 1 wg. per ml. and were equally active on 
Mycobacterium tuberculosis.. Serum did not affect the activity in vitro but 
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whole blood reduced the activity materially. No chemotherapeutic action 
was observed against Staph. aureus or M. tuberculosis infections in mice. 


* This investigation was supported in part by grants from The Commonwealth Fund 
and The Squibb Institute for Medical Research. 

1 Robbins, W. J., Hervey, A., Davidson, R. W., Ma, R., and Robbins, W. C., Bull. 
Torrey Bot. Club, 72, 165-190 (1945). 

2 This fungus was obtained from Ross W. Davidson and is numbered 71423R in his 
collection. 

3 Robbins, W. J., Kavanagh, F., and Hervey, A., these PRocEEDINGS, 33, 171-— 
176 (1947). 

4 The authors are indebted to Dr. Ilda McVeigh for this experiment. 

5 The quthors are indebted to Miss C. M. McKee, The Division of Microbiology, 
The Squibb Institute for Medical Research, for assistance in these experiments and 
those on blood, animal toxicity and therapeutic action. 


THE POLE CELLS OF DIPTERA, THEIR FATE AND 
SIGNIFICANCE 
By D. F. PouLson 
OSBORN ZOOLOGICAL LABORATORY, YALE UNIVERSITY 


Communicated May 10, 1947 


Numerous investigations of the pole cells of Diptera, Miastor, Chirono- 
mus, Calliphora, Lucilia and Drosophila have amply verified the classical 
observations of Metschnikoff (1855, 1866), Leuckhart (1865) and Balbiani 
(1885) that these are the source of the germ cells in the gonads of flies.1_ The 
generalization of the early separation of germ and somatic lines of cells has 
become so firmly established among biologists that certain very funda- 
mental facts concerning the pole cells have been overlooked in spite of a 
number of important pieces of information reported in recent investiga- 
tions by Rabinowitz (1941), Sonnenblick (1941), and Aboim (1945).?_ The 
last named alone has recognized the possibility that some of the pole cells 
may have some other developmental fate than that classically demon- 
strated. 

In the course of a detailed study of the normal embryology of Drosophila 
the author has obtained embryological and cytological evidence which es- 
tablishes the pole cells in a new light and at the same time fills out our 
hitherto incomplete and unsatisfactory understanding of the nature and 
origin of the mid-gut of higher Diptera. 

The formation of the pole cells in Drosophila melanogaster was first de- 
scribed by Huettner (1923). Subsequently Rabinowitz (1941) studied 
them in great detail providing data to show that far more pole cells are 
formed than ever enter the gonads. The number at the incipient blasto- 
derm stage is 39-73, average 55. but prior to the invaginations which are the 
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most conspicuous feature of gastrulation, some of the pole cells migrate be- 
tween the posterior blastoderm cells to the outer surface of the yolk mass, 
leaving 20-47, average 39, pole cells to be carried into the proctodaeal- 
amniotic invagination. Of these pole cells only slightly more than half are 
included in the gonads according to Sonnenblick (1941) and Aboim (1945). 
The non-included pole cells are not easily followed in iron hematoxylin 
preparations, and Sonnenblick suggests they are lost in the gut contained 
yolk. Rabinowitz states that the early migrating pole cells become lost 
and degenerate in the yolk. Aboim observed no signs of degenerating pole 
cells in the gut, but he was not able otherwise to establish their fate. 

The observations here reported elucidate the fate of these “‘lost’’ pole cells 
and clarify the nature of the first pole cell movements between the blasto- 
derm cells to the interior of the egg. A detailed account illustrated with 
photomicrographs will appear elsewhere. This report is based on a study 
of a series of sections of timed embryos of the Oregon R. wild stock of D. 
melanogaster which were silver impregnated by the Bodian technique, as 
described by Poulson (1945).* This method provides remarkably clear dif- 
ferentiation of various cell and tissue types. The pole cells stand out dis- 
tinctively in such preparations and there is little likelihood of confusion 
with other cells, both with regard to nuclear structure and appearance of 
cytoplasm. 

After the dorsal and lateral movement (7-9 hours) of the germinal pole 
cells into the: mesoderm at the level of the 10th segment where they become 
incorporated in the gonads, the remaining pole cells are found in association 
with the posterior mid-gut rudiment. They come to take up a position at 
the anterior edge of the posterior rudiment as it moves to unite with the an- 
terior rudiment of mid-gut between the 9th and 10th hours. They form 
two groups (on either side and not so noticeable in iron-hematoxylin prep- 
arations, but conspicuous in Bodian treated sections) at the points of union 
of the mid-gut rudiments. At first the groups look like small gonads, but 
this appearance rapidly changes as the mid-gut cells undergo the move- 
ments and form changes which complete the enclosure of the yolk. The 
pole cells retain their characteristic appearance, and it can be seen that at 
the time at which the sac-like gut begins to change its form to a long tube 
one of the first constrictions is at the level of the intestinal pole cells. With 
the completion of the form-change in the mid-gut the pole cells are seen to 
form the inner epithelium of the mid-section of the mid-gut. They remain 
characteristically different in size and form from the cells of the more ante- 
rior and posterior sections of the mid-gut and clearly correspond to the large 
cells of that region of the larval mid-gut designated by Marie Strasburger 
(1932) as the ‘‘Mitte.’’* Strasburger’s observations on the physiology of 
this section of the gut set it off from the other parts of the mid-gut as the re- 
' gion of acid secretion. The physiological studies of Hobson (1931) on the 
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same region of the gut of Lucilia characterize it as a region of low pH (3.2) 
and of little or no proteolytic enzyme activity.’ Studies of Waterhouse 
(1945) on the differential uptake of metallic ions by certain cells in this re- 
gion of the mid-gut of Lucilia cuprina are of-interest in view of its origin.® 
The fate of this region in metamorphosis to the adult requires careful study, 
although from Robertson’s (1936) account of metamorphosis. of the mid- 
gut’ it seems likely that these cells are lost with most of the other larval 
mid-gut epithelial cells. 

The early entry of pole cells between the posterior blastoderm cells to the 
interior is interpreted as the first of the series of movements in gastrulation 
in the eggs of Drosophila and other higher Diptera. These cells remain at 
the posterior surface of the yolk spreading out on it and later moving dorso- 
anteriorly with the extending embryo. They become incorporated also 
with the posterior rudiment of mid-gut and thus a part of the definitive larval 
intestine. They come to lie along with the “‘lost’’ pole cells in the middle re- 
gion of the mid-gut and are difficult to distinguish from them. 

Experimental proof of this should be obtainable in embryos and larvae 
in which the pole cells have been removed or killed by cautery or ultra-violet 
light; in these the middle section of the mid-gut must be reduced or miss- 
ing. Such material is already in the hands of Geigy (1931) and Aboim 
(1945) who had followed the development of agametic gonads of Dro- 
sophila following ultra-violet treatment of pole cells.’ It is hoped that this 
experimental evidence will soon be forthcoming. 

It is no longer possible to interpret the posterior polar plasm, or oosome, 
and its included granules as germ cell determinants in the original sense of 
Hegner and his predecessors, or even in the modified sense of Huettner 
(1923). The pole cells must be regarded in a new light as potential, but not 
as completely determined, germ cells. The latter is true only when, as 
Aboim (1945) has so beautifully demonstrated, they enter the lateral meso- 
derm. When they do not, they become a specialized section of the mid-gut 
whose function may well repay careful investigation. Although no cytolog- 
ical differences have been demonstrated between those cells which are ob- 
served to leave the mid-gut and those which remain there, physiological and 
biochemical differences may well be sought at an early stage. 


1 For references and discussion of early literature on the pole cells see: Huettner, 
A. F., Jour. Morph., 37, 385-423 (1923); Wilson, E. B., The Cell in Development and 
Heredity, 3rd ed., Macmillan Co., New York, 1232 pp. (1928). 

2 Rabinowitz, M., Jour. Morph., 69, 1-49 (1941); Sonnenblick, B. P., these Pro- 
CEEDINGS 27, 484-489 (1941); Aboim, A. N., Revue Suisse de Zool., 52, 53-154 (1945). 

3 Poulson, D. F., Trans. Conn. Acad. Arts. Sci., 36, 449-487 (1945). 

4 Strasburger, Marie, Z.’f. wiss. Zodl., 140, 539-649 (1932). 

5 Hobson, R. P., Jour. Exp. Biol., 8, 109-123 (1931). 

6 Waterhouse, D. F., Coun. Sci. Ind. Res. (Australia), Bull. 191, 1-20 (1945). 

7 Robertson, C. W., Jour. Morph., 59, 351-399 (1936). 

8 Geigy, R., Revue Suisse de Zool., 38, 187-288 (1931); Aboim, A. N., loc. cit. 
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| A GENERAL CLASS OF PROBLEMS IN CONFORMAL MAPPING 
By A. C. SCHAEFFER AND D. C. SPENCER* 
DEPARTMENT OF MATHEMATICS, STANFORD UNIVERSITY 
Communicated March 17, 1947 


A function f(z) which is defined in the unit circle is said to be schlicht 
there if the relations f(z:) = f(z), |z| <1, |”| <1 imply that 2 = 2. 
We shall say that a function 


. f(z) = Yas, | | ay (1) 


belongs to class S if f(z) is regular and schlicht in | | < land a = 1. 

Let R be a closed set lying in | | < 1, and let V,(7) be a measure function 
defined in the space R. Given an integer m there is a number M = M, 
such that f(2)| < M for all z © Rand for vy = 0, 1, 2, ..., 2 when f(z) 
belongs to class S. Let F,(¢o, fo, .-., Sa» fn) denote a complex-valued 

‘ function which is continuous together with its first-order partial deriva- 
tives in an open set containing the closed set |¢,| < M, (v = 0,1, ...,m). 

Given the functions Fi, Fo, ... F, and the measure functions ¥, Vo, 

a ms tee 








P, = AF(f(2), fe), .... f°, Ff @)av, (2) 
for v = 1, 2,3, ..., m. If f(z) belongs to class S then the point 
P, = (Pi, Po, eee 


is a point in a Euclidean space of 2m real dimensions, and the point P;1s 
said to belong to f(z). As f(z) ranges over S, the point P, belonging to 
f(z) ranges over a set which we call P. Since the class S is compact, the 
set P is closed and bounded. The problem is to find the region P. 

Many of the problems on schlicht functions which concern the values 
taken in the interior of the unit circle. as opposed to boundary-value 
problems, are subsumed under this general formulation. Since special 
problems included in this general statement can often be carried further 
toward complete solution, this note will discuss several specific problems 
of this type and it will be observed that the method applied to these prob- 
lems can be extended, at least in part, to the general problem. The region 
of variability of the coefficients (a2, a3, ..., dn) of functions belonging to 
class S is one problem of this type, and it has been discussed in a previous 
note by the authors.! 

If 2 is a point of | s| < 1, an important problem is to find the region of 
variability of f’(z) when f(z) belongs to class S. Let f’(a) = p + %, 

.- where p and gq are real. Then for fixed 2, the point (p, g) ranges over a 
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closed plane set P when f ranges over S. Let G(p, qg) be continuous to- 
gether with its first order partial derivatives in an open set containing P, 
and let the gradient of G be non-vanishing in P. Let the maximum of 
G(p, g) in P occur for a particular function f(z) C S. 

In a paper to appear shortly, the authors show that if (a, 8) is an analytic 
Jordan arc in || < 1 not passing through z = 0 or z = 4, then for every 
sufficiently small complex number e¢ there is a function f,(z) which tends 
to f(z) as e tends to zero, and such that 


Reet = oo ) {eo yx 2f?(z) u+e2 
Ss) = $8) + 5 Se os Wi) fw = fo 2 an—et 


fle . du + hos Fg p(w) shor Wake = — f(z) \ di +o(6. (3) 


Here p(u) is an arbitrary function which is analytic in a a domain containing 
(a, 8) and vanishes at a and £. 

If vs + iAg is the variation of f’(z:), then the variation of G when 
f(z) is-replaced by f.(z) is given by 


0G = Sap + Sag + o(6 
sees p qd ole 


oq 
or 
AG = = = Ref{G, A(f’ (z:))! a o(e), (4) 
where 
Py 
n= ——- . 
; Op Og 


The variation A(f’(z:)) of f’(z) can be obtained by differentiating (3) 
with respect to z and setting z = 2. If we substitute this in relation (4) 
we find that AG is equal to the real part of an expression of the form 


: - Sr8 A(e, u)du + : - SP Bla, adi + oe). 
271 271 


We may replace the second term by its conjugate without changing the 
real part, so AG is, within an error o(€), equal to the real part of 


€ pg P(U) (ee) 2ftu) —fla)  j,uta -~l+ ua 

Qari Sa 2u? \ f(u) “ [f(u) — f(z)]? a — % er — uz, 
(mans gem . 
M - u ‘i =r M a — a? du. (5) 


Here P = 2Gif’(a)f(a), Q = Ginf"(a) and M = 2Giaf’(z). Since G 


attains its maximum for the function f(z), the real part of (5) is non- 
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negative for all small € so (5) must be equal to zero. Since p(w) is an arbi- 
trary analytic function subject to the conditions stated, we see that f(z) 
must satisfy the differential equation 


2f'(z)\? 2f(z) — flz s+2 ~=l + 28 22 — 2 
(=) f\ re, . Q + 41 + gm - uo + 
f(z) 7 (f(z) — f(a)? Z— % 1 — 23 (zg — 2)? 
(9 — oF 
” litle a 
(1 — 2%)? 
where z has been written in place of w. 
The right-hand side of (6) is real on the unit circle | z| =. 1, and:can 
be shown to be non-negative there with at least one zero of even order on 
|z| =. If we set w = f(z), then this differential equation can be written | 


in the form 


A ( = 2w — a (z — e¥)%(z — 2) (282 — 1) 


see on re ton a 
dz (zg ra 2)?(1 bea 221)? 


w(w— a)? 


» (7) 





Here A, a, W, 2. are constants with y real, 2a < 1l,and a = w(z,).. The 
conditions that w(z) is normalized at the origin and that (w — a)/(z — 21) 
approaches w’(z;) as z approaches 2; imply that 





A = — ae z2,-? 
and 
A = alm — &) (21% — 1)( — e*)2a (1 — | zi| 2) -2. 
The point z; can be taken real and positive without loss of generality. ° 


The variables in equation (7) may be separated and the integrals ex- 
pressed in terms of elementary functions. Thus the region of variability 
of f’(%) is obtained exactly at all points of the unit circle |z| < 1. A 
function belonging to a boundary point of this region maps | z| < 1 onto 
the w-plane minus analytic slits which have at most a finite number of 
critical points. The authors hope to discuss this region in greater detail 
in a later paper. 

If f(z) belongs to class S the area of the map by w = f(z) of the circle 
|z| < a,0< a< 1, is given by the expression . 





: 1 , } 
A= IO Fear Ory *rdrd0 = me F Xi | f(ae’”) 20. ; 
( 


To illustrate the principle with equations which are not too complicated, 
consider the allied problem of maximizing the integral 





*d6 (8) 


B= Sf", | fae") 
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when f(z) ranges over S. Let the maximum of B occur for a particular 
function f(z) & S. If the variation (3) is written in the form 


f.2) = f(z) + (2) + e¥(z) + ole) 
then, substituting f,(z) for f(z) in (8), one obtains 
B, = B+ 2Refe J°%, (f® + f¥)dd} + of¢). 
It therefore follows that 
S, (F® + f¥ dd) = 0 


and if the function p(u) is “‘peaked,’’ it follows after some manipulation 
that ; 


af’ (2) aftae") [flee |? ay = {ol paei)|2 
( ) Y Sl . f(z) - f(ae x d6 T Fat { 2| f(ae ) | + 
z+ ail 


fle) 
ae"f (ae flac) =O + 


ae” 








10 
— 10 ¥ (ae) f (ae) jt eae 


Here the independent variable z has been written in place of u. 
Several sub-classes of the class S are often studied, of which we mention 
three: 


Sw, the class of functions f(z) © S which satisfy | f(2)| <= Min | z| <1, 
where M is some constant exceeding 1. 

S,, the class of functions f(z) © S which are real for real z. 

So, the class of functions f(z) © S which satisfy f(—z) = —f(z). 


For functions belonging to Sy we have in place of (3) 


Ls) = fle) + 5%, for PS {(st" 2f'(e) 














aut W flu) ) flu) = fle) 
» btu) {(aieny aude) 
f )fdu — 5 ri” om Wi) ) fuse 
f(s) — + peau + o), (9) 


where, however, 


Re {6 . Sa” aa [1 - (Se) au +o(e) $0. (10) 


Condition (10) restricts the small complex number « to lie in a half-plane. 
Using (9) and (10), the differential equation satisfied by a function (z)f 
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of class Sy which belongs to a boundary point of the region of variability 
of f’(z:), f & Sy, is of the form 


fe) (f(z) — a)? (M? — af(z))? 
ae ee ee eee, 
(g — 2%)? (1 — 23,)? Z—- 4 1 — 2% 


where a = f(z), A, 8 and y are complex constants and p is a non-negative 
constant. The variation can also be modified such that, if f(z) belongs to 
S, or to So, so does f(z). Corresponding differential equations are then 
obtained for functions belonging to these classes. 
The general problem stated in the beginning of this note leads to a 
differential equation for extremal schlicht functions which is of the form 


dw\? ; 
(“*) N(w) = Q(z). 


Here N(w) and Q(z) will be rational functions whenever (2) reduces to the 
form 





; 
P, = u F,(f(2)), Fe), --- fe), F (@,)) (13) 


forvy = 1,2, ...,m. This is the most important case at the present time, 
and problems concerning the region of variability P of the point (Pi, P2, 
_.., Pm), where P, is given by (13), can be further classified according to 
the order » of the highest derivative involved. 


* This note was written during the time that the authors were under contract with 
the Office of Naval Research. 
1 The coefficients of schlicht functions III, these PROCEEDINGS, 32, 111-116 (1946). 


CONTINUOUS PARTICLES 


By M. HEssaBy 
UNIVERSITY OF TEHRAN AND PRINCETON UNIVERSITY 
Communicated March 28, 1947 
1. The Gravitational Field of an Uncharged Mass.—In the theory of the 


electromagnetic field an antisymmetric tensor F, , is defined by the relations 


F< (1) 


way oat 
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where ¢, is the vector potential. “The charge and current vector is 


J* = Fe (2) 
and the energy tensor is 
U,” = —F**F, 4 + ag,’ F "Fag, (3) 
which gives 
Moe fat iy @ Pil", (4) 
and also by contraction yields 
U = 0. (5) 


We postulate the validity of the expression (3) for the gravitational 
energy tensor, subject to the supplementary condition 


U,., = 0 (6) 
corresponding to the fact that there is no electric charge. We postulate 
further that the existence of an electromagnetic field corresponds to the 
condition 

U,” 


woop 


~ 0 at that point. (7) 


Identifying therefore U;,’ with the gravitational energy tensor (—R,” + 
1/og,,R), we see that we must have R = 0, and hence —R,” = U,’, which 
shows that now R,’,, = 0, in agreement with the Bianchi identities. The 
form (1) suggests the possibility of a torsional stress in addition to ‘the 
radial stress. Denoting by P and 7 the radial and torsional stresses, 
respectively, we have the following scheme for F, ,: 


0 : T3 | eae | | P, | 
ce Oe ae ee SY | ; 
ae ee SEG ” 
qu | -P, | -P, | -Ps | 0 | 


Consider the case where there is no torsional stress. We can write the 
interval around a particle with spherical symmetry in the form: 


ds? = —e dr? — r°d0? — r? six” Ody? + e’dt?. (9) 
The only components of F, , being Fy = — Fu = Pi, we get from (3), 
—R;} = R,? = R;' = —R,! => 1/,P2e~*—”, (10) 


The equality R;! = R,‘ leads to the relation \’ = —v’; substituting this 
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result in the differential equation R = 0, we obtain, replacing e’ by y, 
the expression! 


where m is the mass of the particle and A is a constant to be determined. 
We shall determine A by the condition that the integral of the energy 
density over the whole of space shall be equal to m, with a numerical factor 


depending on the units chosen. We have R** = — — and 
ry 


— fr V—giV = 4 af oa 
oe 0 72—Imr+A 


Sere ee : 


m 
Ar. Ee =(5 +are tan Me are = (11) 


Setting A = 2m’, this expression becomes equal to 6x?m, and we obtain 
thus for y, 





(12) 


The particle appears, therefore, as a continuous distribution of energy 
through space, the energy density being finite at every point, and tending 
to zero at infinity, the greater part of the mass being concentrated near 
the origin. We remark that for r < 2m the field, given by 1/27’, becomes 
repulsive. For r < m, there is a compression, and for r > m, there is a 
dilatation. The numerical value of r for which y = 1, is, for.a neutron 
equal to 


1.23 X 10°? cm. (13) 


The expression for ¢4, is determined by the condition F | = O which is 


equivalent to 
fe) 4 oe) 
= _ = 0 
S(v for 
O/ , Od 
or (: 3% ste 


2m 
d= —. (14) 


r 


or 


which gives 


Calculating the value of the invariant R,,R”” we find that it is equal to 
(2m/r?)*, which shows that ¢ = 2m/r is an invariant function of position. 
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If we take into account all the components of the vector potential ¢,, 


we are led to consider the identification of the torsional stress with the 
> 


9 


nat, if the energy of the torsional stress 
r 


spin. The value of —R,‘ being 
, eo 
can also be put in the form —, then the integral of the energy ri ~4/ —gdV 
r r 


Ss 
would take the form —, so that the torsional energy would be inversely 
m 


proportional to the mass of the particle, as is the case for the spin. 
2. The Electron.—If we consider the mass of the electron to be wholly 
due to its electric energy, we must determine F” by the two conditions 


SIV —gdV = e (15) 
and an 
"1/,E2V —gdV = m, (16) 


where E is the electrostatic field of the electron, and J‘ the charge density. 
We have E = Fy = —Fu; also J‘ = F*,,, and the g,, are Galilean. The 
two conditions are satisfied by the potential 
1 2ke | 2k?e* ‘ 
~ log (1 + “). (17) 

r 


1 ‘ 
he = 5, log a = 


Qk r? 
, 


; 1 
where & is a constant equal to 3.8 X 10-4. The field is given by ob x. 
u] 


and reduces to the Coulomb field at large distances. The charge and the 
energy densities are seen to be finite at every point, and tend to zero at 
infinity. The electron appears thus to be a continuous distribution of 
charge through space. 

We remark that for a positive charge the field changes sign at a distance 
r = 3.7 X 10-' cm., and that two positive charges should therefore 
attract each other in the range 3.7 X 10~'* cm. to 1.8 K 107 cm. 

The electrostatic stress at a point may be considered as a transverse 
stress on a narrow tube situated on the radius vector. 

Moreover if the radial stress of an uncharged mass has a transverse 
Poisson effect, then a neutron might be expected to have an attraction for 
a positive charge. 

3. Waves in Particles —The wave equation of Maxwell’s theory is 


"(bap = Jy — R,"ba- (18) 


For an uncharged particle J, = 0. Moreover, in regions of weak fields 
R,* may be neglected, and the wave equation reduces to 


O¢, = 0 (19) 
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A solution of this equation is 


, = So” dk DY deimP:” cos be? r~"*[ aS, 4.4/,(kr) + BI—1 -1,(kr)\e™ 
=o 
(20) 


Imagine an observer 0; whose position coincides at time ¢ with the center 
0 of a particle in relative motion with respect to the observer. The form 
of ¢ will not depend on the angle ¢, but it may depend on the angle @. 
Let us assume that it does not depend on @. In that case we have / = 0, 
and the solution becomes: 





= So” ar“ [aJs,(kr) + BJ-1/,(kr)]e* “dk. (21) 
If we want to express this in exponential form we set a = 1, 8 = —1 
so that 
© elk + ct) 
¢ = f ay dk (22) 
0 kr 


Let us consider first (2) as a constant not depending on k. The solution 
1 , 
will then give us again the potential ? already obtained for the static case. 


We must therefore assume that a, willbe found by the observer 0; to be 
a function of k. We assume for a, the form 


1 


gq eee 


a (23) 
ki 


where k; depends on the momentum of the particle and the nature of the 
medium. We obtain thus 


A t ek + ct) 
= — , 24 
% ¥ 0 k asad ky sia ( ) 


A contour integration? around the point k; gives 
* cos k(r + ct) 
k+h 





o= Al —2n sin k,(r + ct) + at | (25) 


the last integral diminishes very rapidly at distances of the order of = 
1 


so that at a distance of half a wave-length from the center of a moving 
particle a decreasing harmonic wave form is fully established and we 
have simply 


o¢=- sin ki(r + ct). (26) 
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The particle thus appears to be surrounded by a spherical wave pattern 
which escorts it in its motion. The common velocity of the infinite 
number of waves which constitute the wave pattern, including the prin- 
cipal wave hj, is c. 
Substituting the form (26) in the wave equation O¢ = 0 we obtain, 
if k; does not depend on time, the equation Ag + k,*¢ = 0. If now we 


h 
set A; = —,, in accordance with the results of experiment this expression 
mv 


A4n?m*v? : . 
i @ = 0, or, replacing '/,mv? by E — U in the case 





becomes Ad + 


of small velocities, 


8 2 
Ae + — (E — U)¢ = 0 (27) 


where £ is the total and U the potential energy of the particle. 

Summary.—A_ reinterpretation of Maxwell’s equations in general 
relativity leads to the deduction of a metric tensor for the field of an 
uncharged particle which yields a finite density of energy at every point 
in space, the integral of the energy over the whole of space being equal to 
the mass of the particle. The particle thus appears to be a continuous ° 
distribution of energy through space. ‘ 

An expression is deduced for the electrostatic energy of an electron 
giving charge and energy densities which are finite at every point in space, 
the integrals over the whole pf space being, respectively, equal to the 
charge and to the mass of the electron. An indication is found of the 
possibility of an attraction between two positive charges in a certain 
range of distance, and of the possibility of an attraction between a positive 
charge and an uncharged mass. 

The consideration of a certain solution of the wave equation of Maxwell’s 
theory leads to the notion of a harmonic spherical wave surrounding a 
particle in motion. This leads to a new interpretation of Schrédinger’s 
wave equation. 


1 This form was obtained by Nordstrom and by Jeffery, who interpreted the constant 
A as an electric charge; see Eddington, Math. Th. Rel., p. 185. 
2 Lamb, Hydrodynamics, p. 401. 
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RADIO-WAVE PROPAGATION AND ELECTROMAGNETIC 
SURFACE WAVES 


By Paut S. Epstein 
CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA 
Communicated March 31, 1947 


1. A Discrepancy and Its Resolution—The problem of the propagation 
of radio-waves along the surface of the (plane) earth was first treated in a 
celebrated paper by A. Sommerfeld (1909).! Let the (7, ¢)-plane of a 
cylindric system of coérdinates coincide with the plane of the earth surface 
and let the z-axis point vertically upward. Sommerfeld considered a 
vertically oscillating dipole (radio-antenna) in the air, close to the origin 
(2 = 0, r = 0) and asked what secondary waves were produced by the 
discontiniity due to the presence of the partially conducting earth. His 
investigation led to the result that the Hertzian vector II describing the 
electromagnetic field can be divided, in either medium (air and earth), into 
two parts: II = Q + P, where the part Q has the character of space-waves, 
which at large distances from the origin are proportional to R~, if R = 
(r? + 2)”, On the other hand, P is a surface-wave: at large distances 
it becomes proportional to r~'”’ and is restricted to the vicinity of the earth 
surface. 

Ten years later (1919) the problem was re’ xamined by H. Weyl? who 
used a somewhat different mathematical approach. He obtained a 
solution which was identical with Sommerfeld’s space waves Q but which 
did not contain the surface wave P. 

_ The reason for this discrepancy has never been satisfactorily explained. 
Since Weyl’s method seemed mathematically simpler his result was favored 
by public opinion in numerous papers by other authors. Finally, in 1935, 
Sommerfeld himself conceded that the surface wave has no reality. Re- 
ferring to F. Noether,‘ he attributed this to an inaccuracy in the evaluation 
of his general solution. This evaluation consisted in carrying out a con- 
tour integration in which a pole of the integrand yielded the surface-wave 
P and two branch-cuts accounted for the space-wave Q. According to 
Noether’s explanation the pole is so close to one of the branch-cuts that 
the method of integration used by Sommerfeld, possibly, was not suffi- 
ciently reliable. 

The question has not only historical interest but retains even now some 
actuality because Sommerfeld’s method was recently applied by C. Y. 
Fu’ to the analysis of the propagation of seismic waves. In this case, the 
singularities, instead of nearly coalescing, as in Sommerfeld’s problem, 
are rather far apart so that the evaluation does not present any difficulties. 
If Noether’s suggestion is-the complete explanation for the absence of 
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surface waves in the electrodynamic disturbances, it should not apply 
to seismic waves. In other words, an oscillating elastic dipole within the 
earth would produce, among other things, seismic surface waves. It is, 
therefore, important to decide what the true nature of the discrepancy is 
and whether the above explanation is exhaustive. 

We shall show in the next section that Noether’s explanation is both 
insufficient and unnecessary. The difficulties already arise (and can be 
resolved) when only the general solution is considered, and before any 
evaluation is attempted. It seems that the resolution of the discrepancy 
has been delayed so long because of the mental attitude of all involved 
which led them to take it for granted that one of the conflicting solutions 
must contain a mathematical error. Thisisnotso: from the mathematical 
point of view, both Sommerfeld’s and Weyl’s solutions are unimpeachable. 
However, they represent’ two different physical phenomena, On _ the 
one hand, Weyl’s solution (Q) corresponds just to the wave of the oscillat- 
ing dipole with its secondary space waves due to reflexion and trans- 
mission. On the other hand, Sommerfeld’s solution (Q + P) is the super- 
position of two independent physical systems as follows: (1) the oscillating 
dipole with its secondaries (Q), (2) an electrodynamic surface wave (P). 
These two systems stand in no causal relation to each other, their yoking 
together in one mathematical expression is purely accidental. The fact 
that the space-waves Q, as evaluated by Sommerfeld, are identical with 
those found by Weyl does not bear out Noether’s suggestion that the 
evaluation is at fault. On the contrary, Sommerfeld’s evaluation seems 
to be entirely adequate. 

2. Mathematical Proof.—Sommerfeld starts from the representation of 
the z-component of the Hertzian function for an oscillating dipole, 
IIp = exp. (tkR)/R in the form of the integral 


1 = 3 7 H(dr) exp. (+ 02)0—!Adn, a) 


a= 08 B%%, of = (NB) 


We designate here by k and k’ the wave-numbers of the upper and lower 
medium (air and earth), while /7 denotes Hankel’s cylindric function of the 
first kind and of order zero. The upper sign of the exponent refers to the 
* case z > 0, the lower to z < 0, while the signs of the roots must be chosen 
so as to make the real parts of o and o’ positive. The path of integration 
(L) in the \-plane is the real axis from — o to +o. 

The Hertzian function determines the field components in the following 
way 


E=k+V(V-0), H= —ik’wV XU, (2) 


where c is the velocity of light, w the frequency, and the time factor exp. 
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(—iwt) is omitted. This leads to the border conditions at the surface of 
the earth (z = 0), 


RM — kM’ = 0, (il — 1’)/dz = 0, (3) 


where II is the total Hertzian function in the upper medium, II’ in the 
lower. ' 
To satisfy the border conditions, Sommerfeld assumes the existence of 
a reflected Hertzian function in the upper medium, IIp = II — Io, and of 
a transmitted one II’, in the lower, which differ from the expression (1) 
mainly by the respective factors f(A) and f’(A) in the integrands. These 
expressions satisfy the wave equations V7II + Il = 0 and VII’ + 
k’*II’ = 0, while the factors can be chosen so as to fulfill the border condi- 
tions. Thus the total Hertzians in the two media become 


I = */. J Hs) exp. (—o2)o~*[1 + fOry]ada, (4) 
Tl’ = 1/, f H(ar) exp. (0'z)0—"f’(A)AdA, (5) 


the paths of integration being the same as in Ip. With the help of the 
border conditions the factors are found to be 


1+ f(r) = (R?/R)f'(A) = (Ro! — k’0)/(R?o’ + Rk’). (6) 


The singularities of the integrands 
of (4) and (5) are represented in 
Fig. 1. They consist of the branch 
points, \ = k, \ = k’, and of the 
pole, \ = ko, of the expression (6). 
The path of integration (ZL) can be 
. displaced and is equivalent to two 
loops Q; and Q2 around the branch 
cuts and to the residuum at the pole. FIGURE 1. 

As we mentioned in Section 1, the 
loops represent the space-waves Q = (Qi + Qz2), the residuum the surface- 
wave P. 

It should be noticed, however, that the integrand of the expression (1) 
representing the original dipole does not have any singularity at the point 
\ = ko. ‘Hence, the path of integration of this integral can be displaced 
into the curve (L’) passing above the point \ = ko. Since all that is re- 
quired of the expressions (4) and (5) is that they satisfy the respective 
wave equations and the border-conditions, the integrals in them can be 
also conducted over the path (L’). Thus, in addition to the L-solution 
discussed above we have a second solution which we shall call the L’- 
solution. It is given by the imtegrals (4) and (5) conducted over the 
path L’. The evaluation of the L’-solution can be effected in the same 
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way, by displacing the path of integration upward. It is thus equivalent 
to the two loops about the branch cuts (which represent the space waves) 
and it does not include the residuum of the pole (i.e., it does not contain 
the surface-wave P). 

The existence of the second solution was heretofore overlooked. Drawing 
attention to it is the essential contribution of this article. From a mathe- 
matical point of view, the existénce of two different solutions is not at all 
surprising because it is well known that the integral of the equation V 7II + 
k*Il, for given border conditions, is not unique.’ Since the L-solution 
and the L’-solution each satisfy the differential equations and the border 
conditions of the problem, it follows that their difference must also satisfy 
the same conditions and represent a third possible solution. This is given 
by the integrals (4) and (5) conducted over the paths +L and —L’, 
which are equivalent to a circuit about the pole \ ‘= &» or to the residuum 
in this pole. We know already that this residuum represents the surface 
wave P of Sommerfeld. We find, in this way, that the surface wave 
satisfies independently all the conditions of the problem and can exist for 
itself without any connection with the oscillating pole. This result is 
not entirely new since in another connection Sommerfeld himself had 
recognized the independent existence of surface waves.’ 

However, Sommerfeld considered there only plane waves while here 
we have to do with a circular surface-wave. Therefore, it will be well to 
say a word about this case. The simplest expressions for the z-components 
of the Hertzian functions II, and II,’, (in the two media) of a circular sur- 
face-wave are as follows 


II, = A/J(Ar) exp. (—¢:2), II,’ = BH (Ar) exp. (0's), (7) 


where A and B are two constant coefficients; the other components being. 
zero. 
The border conditions (3) take then the form 


k’?A — k”?B = 0, oA + o0’B = 0. 
The two equations are compatible only when their determinant vanishes, 
'¢ + ko’ = 0. (8) 


Hence, the value which the parameter \ must be given in the expressions 
(7) is the root of the eq. (8). This root, \ = ko, is identical with the pole 
of the functions (6). Therefore, it is easy to see that the expressions (7) 
become identical with the residuasof the functions (4) and (5) for the pole 
= ko, when the constants A, B are.suitably chosen. In other words, 
they are identical with Sommerfeld’s surface wave P. 

From the physical point of view, the*most interesting of our results is 
the existence of the L’-solution. As this solution contains the oscillating 
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dipole but not the surface wave, it shows conclusively that the latter 
wave is not a part of the dipole radiation and is not generated by the 
dipole. This is true not only for electrodynamic but also for elastic 
oscillating dipoles which also do not generate (seismic) surface waves. 
Yet, apart from dipoles, the surface waves can exist and in seismology they 
are regularly observed in connection with earthquakes.. The question 
how they are generated is an important one but it lies outside the scope 
of this article. 
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